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FOREWORD

The present report summarises the activities of the
Speotrosoopy Division for the period from January 19 83 to
December 1984. A steady progress had been maintained during
this period in all the different spheres of activities in
which the Division is engaged i.e. meeting the analytical
requirements of the nuclear energy programmes' and their
related RSD projects, basic research connected with the
atomic and molecular processes of relevance to the programmes
of the research centre and optical and electronic instrumentation required for the implementation of the above programmes.
As in the previous reports, two feature articles are
included in the first section. These deal with Extended
X-ray Absorption Fine Structure Spectroscopy (EXAFS) and
laser spectroscopic techniques for trace analysis. The
oscillatory variation of the absorption coefficient on the
high energy side of the X-ray absorption edge is commonly
known as the extended X-ray absorption fine structure and
in recent years, especially since the advent of the intense
synchrotron radiation sources, the EXAFS have become a
powereul tool for obtaining quantitative information on
the structural parameters such as bond distances, coordination numbers and for determining the chemical identity
of the atom and structural disorders. The advent of tunable
dye lasers has brought about a revolution in spectrochemical
trace analysis, A number of new laser based spectrochemical
techniques have emerged which make use of the unique properties of the laser like coherence and high monochromaticity. These techniques have .significantly enhanced the
capabilities of spectrochemical analysis and improved the

(ix)

detection limits by several orders of magnitude. The two
feature articles bring out the salient features of these
new areas and describe the Division's efforts in setting
up facilities to carry out work in these emerging fields.
The second section describes the analytical activities of the Division. In addition to meeting the spectrochemical analytical demands for the analysis of different
types of reactor materials, several new methods have been
developed to meet the analytical requirements of the new
projects undertaken in BARC and other DAE organisations.
Using the optical emission spectroscopic (OES), X-ray
fluorescence (XRF) and X-ray excited optical luminescence
(XEOL) techniques several new methods have been developed
for the analysis of samples like thoriated copper, organometallic compounds, uranium oxide etc. Using infrared
absorption techniques several volatile impurities in UFg
have been determined, and for a rapid online analysis of
HF in UFg, required by the Chemical Engineering Division,
a non dispersive infrared analyser has been enveloped.
Pressure induced thermoluminescence (TL) in rocks has been
studied with a view to examine its bearing jn the seismic
activity of the roci's; the TL studies have also been
employed in dating the laterite rocks.
The third section of the report describes the work
concerning basic studies of atomic and molecular systems.
Studies on atomic systems deal with the high resolution
spectroscopic investigations on rare earth atoms and ions
in the free state and in crystalline lattices using
interferometric and laser fluorescence techniques. In the
molecular system,, making use of the isotopically enriched
molecular species many interesting features in the high

(x)

resolution electronic spectra of important diatomic molecules like CO, NS, SiSe, GaH, A10 etc. have been studied.
The electronic spectra of new free radicals HCCO and CCHO
have been obtained using the flash photolysis-kinetic
spectroscopic techniques. Using laser spectroscopic
methods, the two-photon excitation of I~ and the twophoton dissociation of SO- have been studied and several
important phenomena associated with these processes have
been investigated. Employing the Fourier Transform and
infrared diode laser techniques, high resolution spectral
studies were carried out on isotopic species of NH. and
CFgl, hydro-dynamically cooled SFg and s-tetrazine..
Some collaborative research programmes undertaken jointly
with the Nuclear Physics Division on the beam foil
spectroscopy using the tandem accelerator and with the
Neutron Physics Division on the spectra of z pinch plasmas
are also described in this section.
The next two sections describe the Division's efforts
in the area of fabrication of sophisticated optical and
electronic components required for the R&D activities of
the Research Centre and other units of DAK. Particular
mention may be made of the development of dielectric thin
film devices for high power laser application, microprocessor based scanning and data acquisition system for
Laser Raman Spectrometer, automatic spectrel density
measuring device and a laser wavemeter for precise
measurement of the wavelengths of CW lasers.

(xi)

As in previoun ynarn, mornborn of the Division have
taken active pnrt in teaching the trainees, guiding
research leading to M.Sc. and Ph.D. degresn, participating
in conferences and symposia and other similar scientific
and academic activities. Theae are described in the last
section of the report.

S \ Z_.fir.#^u:*>.."~~
May 16, 1985

(S.L.N.G. Krishnamachari)

- 11. FEATURE ARTICLES
1»1

Extended X-ray Absorption Fine Structure (EXAFS) Spectrosoopy
(R.M» Agrawal and R.J. Kshirsagar)

Extended X-ray absorption fine structure is the oscillatory
variation of the absorption coefficient on the high energy side of
an absorption edge. The' magnitude of the variation can be 10% or
more and the range can extend upto 1000 ev from the edge. Considerable
experimental and theoretical work has been done on EXAFS since its
first observation 0 3 in 1929 but it remained more or less a qualitative
scientific curiosity for over U0 years. The main reason for this
state of affairs was the lack of detailed agreement between the
various theories and the experimental results. The earlier theory
by Kronig p i was Lased on the long range order of atoms in the
absorbing material, but later experimental and theoretical work
suggested that this was a short range order effect sensitive only
to the local atomic arrangement
The situation changed radically when in 1971, Sayers, S t e m
and Lytle CO applied Fourier analysis to their point scattering
theory of EXAFS D O directly to obtain various structural parameters
from EXAFS.data. Since then, EXAFS has become a quantitative structural
tool for determining parameters such as bond distances, structural disorders , •coordination number and the chemi. L identity of the coordinating atom. This information can be obtained for each species of the
atom in complex materials and in any state of matter - solid (crystalline
or amorphous), liquid or gas. Their theory has given great stimulus to
the EXAFS work.
The availability of extremely intense and broad band source of
x-rays from the Storage Rings of modern synchrotrons further stimulated
the work. It made possible the collection of experimental data on
EXAFS within.a few minutes compared to weeks required with the
conventional x-ray sources. At the same time measurement on dilute

- 2 samples became feasible which could not even be conterapleted earlier.
EXAFS, on one hand, offers the advantage of the penetrating
power of x-rays with the element specificity of the absorption edge
and on the other hand it makes use of the high scattering cross-section
of low energy electrons, at the same time not requiring the high vacuum
for the experimental work, because the photo-electrons produced are
contained within the sample. Thus it offers all the advantages of
Low Energy Electron Diffraction (LEED) as a structural tool but unlike
T-EEft. which probes the structure of the surface layers only, EXAFS probes
the structure of the bulk without requiring the high vacuum and the
associated complexity in the experimental work. Also, whereas LEED
is non-specific with respect to atomic species, EXAFS is element
specific as it probes the local arrangement of atoms about the x-ray
absorbing and photo-electron ejecting atom.
EXAFS is especially useful for investigating the short range
order problems where x-ray and neutron diffraction techniques can
hardly provide detailed information. Thus the study of amorphous
materials, liquids (including solution and glassy state) and extremely
diluted samples (such as biological and biochemical which are also
amorphous) can be fruitfully studied with EXAFS.
Theory of EXAFS
EXAFS is a result of two fundamental processes (a) K or L
absorption of an x-ray photon which is a photoelectric effect and
(b) an effective diffraction of electron so emitted.
If I and.I are the x-ray beam intensities measured before and
after the absorber of thickness x, the absorption coefficient u is
given by
ux = In (Io/I)
...
(1)
The plot of p vs x-ray photon energy is the x-ray absorption spectrum
which shows three prominent features (Fig. 1.1).
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Fig.1.1. A typical x-ray absorption spectrum showing the
main edge and the associated fine structures

i) A sharp rise in u with its own structure/profile known as
absorption edge.
ii) Comparatively intense structure near the absorption edge and
extending upto ~ 3 0 ev above the edge called X-ray Absorption
Near Edge Structure (XANES), the cause of which is not yet
clearly understood.
iii) The structure above'•"'SO ev and extending upto ~ 1000 ev above
the edge called EXAFS.
For the quantitative treatment of data, Stern et al B Q have
defined EXAFS as the normalised oscillatory part of u given by

- 4where u is the smoothly varying portion of p past the edge and
corresponds physically to the absorption coefficient of an isolated
atom.
^
In order to relate ")d(E) to structural parameters, X(E) in
E space is transformed to Tdk) in the k-space. The wave vector k of
the photon is given by

•n
... (3)
where E is the incident photon energy and E is the threshold energy
of that particular absorption edge.
Stern et al IXI » after taking into consideration the theoretical
probability of absorption of x-ray photon, concluded that only the final
ctate can cause the undulation of the absorption coefficient. The final

Fig.1.2. A schematic representation of EXAFS process.The
solid circles denote the outgoing waves and the
broken ones denote the waves scattered back by
.the surrounding atoms.

state of the photo-electron corresponds to the spherical wave propogating
away from the absorber, as shown schematically in Fig, 1.2 along with
the back scattered wave due to the surrounding atoms. The interference
between this and outgoing wave causes alterations in the final state.
With the effect of self interference on the final state and
including the relevant phase shifts EXAFS X(k) can be written as.
N.

,' .

2 2

OOCJc) = 2.
- 4 - f 3. (TT}k) ? 2 r j / A i 2<r j k
3
kr.

S.(k) Sin
'

where N. is the number of atoms in the j coordination shell, r. is
their distance from the absorber atom, r. (fT,k) is the back scattering
amplitude, X is the mean free path of the photo electron, T . is the
root-mean-square deviation of the inter-atomic distances over r. also
called as Debye-Waller factor to account for thermal vibration and
static disorder, S.(k) is the amplitude reduction factor due to manybody
effects such as shake-up/shake-off processes at the central atom and
$.(k) is the total phase shift due to the absorbing atom and the
surrounding atoms.
Data Analysis
There are two major approaches to EXAFS data analysis 0>l : the
Fourier Transform (FT) and the Curve Fitting (CF) technique. In either
methods, the u vs. E data (Fig. 1.1) is converted into X(k) vs. k via
equations 2 and 3 (Fig. 1.3a). X ( k ) is then multiplied by some potter..
of k so as to compensate for the diminishing amplitudes at high k
values to give k n 7C (k) for which a weighting scheme of n=3 is commonly
used (solid curve in Fig. 1.3b).
The FT method involves the Fourier transformation of Kn<)c(k)
in momentum (k) space over the finite k range k . to k
to give
the radial distribution function f (r) in distance (r) space (Fig. 1.3c).
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Fig.1.3. Data reduction and
data analysis in EXAFS
spectroscopy.
a) EXAFS spectrum ?c(k) vs
k after background removal

b) The solid curve is the
3
weighted EXAFS spectrum k
vs k.

The dashed curve

represents an attempt to fit the
data with a two-distance
model by Curve fitting(CF)
technique.

•

10

II

It

13

l«

MA")
FT
c) Fourier transform(FT) of the
weighted EXAFS spectrum in k
space into radial distribution
function vs r' in distance
space, (r' is related to the
true distance r by a 'phase
shift' of= r-r'l Dashed
curve is the window function
used to filter the major peak
in the Fourier Filtering.

- 7 k

max
max

5n (r) = —Kr*L \
(2TD ^ jjKK

k'"X(k) k2kv dk

(5)

min

Each peak in f (r) corresponds to the bond lengths between the absorber
atom and the atoms in different coordination shells. The area under
the peak gives the number of atoms in that coordination shell. This
method works very well for systems with well separated peaks.
The curve fitting (CF) technique, on the other hand, attempts
to best fit the k "X (k) spectra in k space with some phenomenologioal
models based on equation (5) (dashed curve in Fig. 1.3b). There are
several variants of this method.
Experimentation
Most of the recent EXAFS work has been tV^e using synchrotron
radiation. This, highly collimated, plane polarised and precisely
19
1 fi
pulsed x-ray source with flux of 10 -10 photons/sec/mrad/mA greatly
o

c

improves the signal to noise ratio-by 10 -10 over that obtainable
from conventional sources, where the output is Bremsstrahlung radiation
with characteristic emission lines. A comparison of the outputs from
the storage ring and conventional x-ray tubes is given in Fig. l.it.
Laser produced plasma x-ray source [V"] provides very high
intensity nano-second pulsed soft x-rays ( ^ 3 keV) and is a promising
laboratory source for the EXAFS studies for low Z elements ( 6 < Z 5 16).
This may enable the studies of even transient species possible since
EXAFS spectrum can be recorded on film in a few nanoseconds with a
single pulse of laser produced x-rays.
EXAFS can be measured by two modes : transmission and fluorescence.
In transmission mode, incident (I ) and transmitted (I) x-ray
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10a

PHOTON ENERGY (eV)
Fig.1.4. A comparison of outputs from
A) a conventional X-ray tube
B) the storage ring of a synchrotron

ION CHAMBER I
ION
CHUMSEN 2

SAMPLE

STOKED •
K«M

Fig.1.5. A schematic diagram of an EXAFS spectrometer set up
for use with a synchrotron source

- 9beam intensities are measured. The schematic diagram of an EXAFS
spectrometer is shown in Fig. 1.5.
The energy of the beam is changed by changing the angle between
the monochromator crystal and the incident beam.
In fluorescence measurement the characteristic fluorescence
line of the absorber atom is measured in a direction at right angle
to the jncident x-ray beam making an angle of "+5° to the sample
surface as shown in Fig. 1.'6.

SAMPLE
X-RAY BEAM
FROM MONOCHROMATOR
FLUORESCENT X-RAYS

FLUORESCENT X-RAY
DETECTOR
Fig.1.6. EXAFS set up in fluorescence mode

Both the modes involve the detection of photons. The transmission
technique measures the transmitted x-ray intensity directly. On the
other hand, the fluorescence technique measures the secondary x-ray photons.
Fluorescence technique is commonly used for dilute systems.

- 10 In laboratories with conventional x-ray sources, EXAFS work can
be done only on the concentrated samples and the transmission method
can only be used. The radiation from the source is diverging and as
such antiparallel arrangement of the analysing crystals is required to
be used with a two crystal x-ray spectrometer system. With synchrotron source,
parallel arrangement is preferred because the x-ray beam is highly
collimated. Bent crystal x-ray spectrometers are more frequently
employed with the conventional x-ray sources because of their large
x-ray acceptance angle and comparable resolution.
Applications
As pointed out earlier, EXAFS is a very powerful technique for
the study of local structure in a variety of substances. Here only a
few typical cases of studies can be cited to illustrate the.importance
of EXAFS in structural studies.
a) Amorphous Materials
The structure of amorphous alloys is an important field in
materials research. Conventional structural techniques such as x-ray,
neutron or electron diffractions are fairly insensitive in providing
detailed unambiguous information because of the lack of extensive
regular structure in such materials. The problem is particularly
severe for those systems which have only small percentages of impurity
atoms. EXAFS is a technique which can probe the structure of atoms
surrounding each species of atom in the material, and obtain interatomic
distances, coordination number and degree of disorder not only for the
majority atomic species but also for the very dilute component.
Sayers et al Q 0 aid Hunter and co-workers Ca3 have tested
the efficacy and accuracy of this technique by studying amorphous
Se and Ge systems. Hunter 0)1 has also studied the undiluted (Ge Se)
system and the multi-component (Cu-As- Se_) system with dilute impurities.
He found that the structural model consistent with the EXAFS results

- 11 is that copper atoms are always four fold coordinated while the
Sele/iium-coordination increases from two fold to four fold and the
As-coordination from three fold to approximately four fold as the
copper concentration increases from 5 to 25 atomic per cent in
Cu-ASj Se, system.
Parthasarathy et al Q.63 have studied amorphous Selenium
which is ready glass former. Radial Distribution Function (RDF) of
x-ray diffraction data showed peaks at 2.31, 3.78, 4.97 3. The
2.34 8 peak corresponds to Se-Se distance. RDF of EXAFS [icfj showed
some additional peaks at 1.98, 3.13, 4.50 and 5.S5 8. The peak at
1.98 8 has been suggested to correspond to Se-Se double bond resulting
from an alternate scheme of charged defect-formation. Other peaks
have also been explained by a model suggested by them.
b) Impurities in solids at very low concentration level
Mathew Marcus C L O has reviewed the use of fluorescence EXAFS
method for studying the local geometry about the impurity atom in
crystalline and amorphous systems with very small impurity concentrations
and has shown that EXAFS has unique capability of providing information
about the lattice vibrations around the impurity atom and thus about
the inter-atomic forces between the host and the impurity atoms.
c) Supported metal catalysts
Via et al £l2j have utilised EXAFS to study the average structure
of metal clusters in a number of liighly dispersed mono-metallic catalysts.
Clusters of Os, Ir and Pt dispersed on Silica or Alumina were investigated.
The metal clusters in the catalysts constituted 1.0 wt per cent of the
total mass and measurements were made after thorough reduction of catalyst
at elevated temperatures. They observed that the nearest neighbour
distances in the metal clusters differ from those in the bulk metals
by less than 0.02 R and that the nearest.neighbour • coordination
number for the metal cluster ranged between 7 and 10 as compared to 12

- 12 for the bulk metals indicating the high state of dispersion of the
catalysts. They have also found the evidence for the high percentage
of surface atoms in the metal crystals. They have also applied EXAFS
in determining the average structure of supported bimetallic cluster
catalyst such as silica-supported Ru-Cu.
d) Structural studies of solutions
Physical evidence for the structure of solutions can be obtained
by a number of methods such as x-ray, neutron and Raman scatterings,
transport measurements and NMR techniques. These methods result in an
average correlation function for the sample as a whole unless special
techniques are used. EXAFS is especially suitable for studies of systems
for which no long range order is expected. Also the element specificity
of EXAFS means that the radial distribution functions deduced from
EXAFS data contain only the relationship between atoms of the x-ray
absorbing element and its neighbours. EXAFS has been applied to the
study of aqueous solutions. A brief discussion of these applications
lias been reviewed by Sandstrom and Lytle JJL3J . It has also been used
for the study of homogeneous catalysts.
e) Structure of glasses
Continuous random net work building describes the glassy state
and distinguishes glasses from the crystalline state and particularly
one glass from another. EXAFS provides considerable precision in the determination of interatonn c distances where standard diffraction techniques
are fairly insensitive to such short-range order problems.
Greaves [14] has studied Si K edge EXAFS in glow discharge
films of S i C , Na environment in silicate glasses, Ca environment in
oxide glasses and Ca snd Fe environments in mineral glasses etc. and
arrived at the modified, random not work for glasses.
EXAFS is a key technique for elucidating the structure of glass.
Because the environment of modifying cations is extremely sensitive to

- 13 the morophology of the net work, EXAFS has been used to detect differences
in overall topology that results from different modes of glass formation.
f) Study of dopants in crystals
Catlow et al 0.5] have studied the dopant environment in
fluorides using EXAFS. The dopants were the lanthanides. Their studies
has shown two types of EXAFS spectra across the lanthanide series. The
differences have been explained as being due to the differences between
the dimer and hexamer cluster.structure. They have shown that the
presence of aggregations larger than dimers is highly unlikely for
lighter rare earths whereas for heavier rare earths hexameric clusters
are formed and they are quite stable too.
g) Biochemical systems
EXAFS has been extensively used to study the biochemical systems
where the products are mostly non-crystalline as well as highly diluted.
e.g. Boon-Keng Teo p.67 has studied the prosthetic group of a protein
for assesment of steric vs. electronic effects of the active sites.
EXAFS has also been used to probe the stereo-chemical nature of
a variety of metal containing bio-polymers p.7] . Elegant EXAFS studies
have also been made on iron-storage protein — ferritin 0.81 , carbonic
•anhydrase enzyme p.9) and structural organisation of calcium in
biological molecules $2CQ etc.
Conclusions
There are several highly attractive features of EXAFS technique
which makes it a powerful structural tool. Being sensitive to shortrange order in atomic arrangements rather than long-range crystalline
order, EXAFS can focus on local environment- of specific absorbing atoms.
No single crystals are required. It can be used for a wide variety of
materials such as solids, liquids, solutions, gases, polymers and surfaces.

- 14 An obvious limitation of EXAFS ppectroscopy lies in the fact
that it does not provide full 3-D structural details. It gives only
the local structure in terms of 1-D radial distribution functions
about each absorber. The absorbing atoms are preferably different
in atomic number or equivalent in chemical environment. Any absorbing
element appearing in several different chemical states or environments
will greatly complicate the interpretation of EXAFS data whioh will be
a superposition of all states. No direct method of determining angular
information is available. Furthermore, EXAFS diminishes rapidly beyond
the first and second coordination shells. Nevertheless structural
content of EXAFS is unparalleled by other apectrosoopic techniques.
In the Spectroscopy Division, the facilities of EXAFS are being
set up. One Bent Crystal X-ray Spectrograph with a Demountable X-ray
tube has already been set up for high resolution x-ray absorption
studies involving edge structure, near edge and extended fine structure
investigations. A Two Crystal X-ray Spectrometer attachment has also
been designed and fabricated for use with Philips Horizontal Goniometer.
This will be used as a High Resolution Two Crystal X-ray Spectrometer
with counting techniques for data collection.
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Laser SjiectrpscopicTe/jhniques for Trace Analysis
(T.K. Balasubramanian, V.P. Bellary, G.L. Bhalfi,
L.C. Chandola and M.N. Dixit)

Introduction
The advent of lasers has brought a revolution in many fields of
science and technology. The availability of tunable dye lasers has
enhanced the potentialities of the spectroscopic techniques for trace
analysis. The new techniques like laser excited atomic fluorescence
(LEAF), selective excitation of probe ion luminescence (SEPIL), resonance ionisation spectroscopy (R.IS), laser enhanced ionisation (LEI),
laser excited Shpolskii spectroscopy (LESS), opto acoustic spectroscopy
(OAS) etc. have evolved as powerful analytical tools as a result of
the sharp line tunability, high intensity and coherence obtainable
with the laser's. A few of the many laser spectroscopic analytical
techniques are briefly reviewed in this article.
a) . Laser-Excited Atomio Fluorescence Flane Spectrometry
Laser-excited atomic fluorescence (LEAF) flame spectrometry,
is gaining recognition as a useful technique for elemental trace
analysis [1} . Atomic vapour generated in flame is irradiated by
a single frequency output of a tunable laser. The atoms absorb
the- resonance line and are excited to higher state. During deexcitation the atoms emit spectra], lines whose wavelengths are
characteristic of the elements and the intensities are proportional
to the concentrations. The emitted spectrum could arise either from
resonance fluorescence (Fig. 2.1a) or from nonresonance fluorescence
(Fig, 2.1 b and c ) . Conventional sources for exciting the fluorescence
are narrow line light sources such as hollow cathode lamps, electrodeless discharge tubes or broad band sources like xenon continuum. The
availability of lasers has brought about a significant change in the
efficiency of excitation and increasingly continuous wave (CW) or

- 17 pulsed tunable lasers are being employed as excitation sources. Good
detection limits for Na and Ba have been reported with CW excitation [2,3J
However, available wavelength range of CW dye lasers is presently
limited to the longer visible wavelength region, particularly above
520ran,making a CW dye laser of limited analytical use. For this
reason pulsed lasers like ruby, Nd-YAG, N~ or flash lamp pumped dye
lasers are being increasingly tried. With frequency doubled flash
lamp pumped dye lasers, Mg at 285.2 nm and Pb at 283.3 run have been
studied by LEAF and good detection limits have been reported [j4>U •
However, flash lamp pumped and CW dye lasers require large volumes
of expensive dye solutions. Pulsed NL laser pumped tunable dye lasers
offer the greatest advantage in this respect, primarily because of
high peak spectral irradiance which results in very efficient pumping,
coupled with the wide tunability range (220-950 nm) that can be quickly
and easily obtained.

NON RADIATIVE
OE ACTIVATION

NON RADIATIVE
DEACTIVATE
RESONANCE
FLUORESCENCE

STEP-WISE LINE
FLUORESCENCE

DIRECT LINE
FLUORESCENCE

(a)

(b)

(c)

Fig.2.1. Resonance' and non-resonance fluorescence

- 18 Schematic diagram of a typical N2-LEAF flame spectrometer is
shown in Fig. 2.2. The tunable outpu.1- of the dye laser B, pumped by

Fig.2.2. Schematic diagram of laser excited fluorescence flame
spectrometry system.

N« laser A, irradiates the atomic vapour in burner J. Resulting fluorescence is examined by the monochromator 0 and accompanying electronics.
One of the remarkable features of laser excitation is the fact
that much wider slit widths (compared to conventional fluorescence
spectrometry) • can be employed without any loss of resolution. In
other words, spectral resolution does not depend upon the spectral
band width of monochromator,A A » rather it depends upon the spectral
band width of laser output A!X,.. Wide slits of the order of 1000 and
2000 fj have been used for resonance and nonresonance fluorescence cases
respectively on a 0.35 Czerny-Turner grating spectrometer [!fl . Another
noteworthy feature of this technique is its high linear dynamic range.
It was observed that for most elements investigated, linear dynamic range

- 19 is about 5 to 7 orders of magnitude, which compares well with those
obtained by inductively coupled plasma set up 0* to 7 orders of.
magnitude). Fairly low detection limits, in ng/ml (or ppb) range,
could be obtained for most of the 23 elements examined for analytical
applications. In this respect LEAF compares favourably well with
other techniques like atomic absorption or inductively coupled plasma jjQ
The detection limits for nonresonance fluorescence are typically an
order of magnitude better than those for corresponding resonance
fluorescence cases. Finally, it has been conjectured that for nonresonance fluorescence, a nondispersive system, using for example,
only interference filters and neutral density filters before the
photomultiplier should yield optimal results in terms of low detection
limit and large linear dynamic range.
b)

Selective Excitation of Probe Ion Luminescence (SEPIL)

Selective excitation of probe ion luminescence (SEPIL) has been
shown by Wright CC1 to be one of the recent, developing ultra trace
analytical methods, especially for lanthanides. The optical transitions
of the ions of lanthanides and actinides are inherently sharp because
of shielding of 4f n or 5f n by the outer s and p orbitals. When these
ions are placed in a condensed phase the crystal fields they encounter,
split the electronic levels into a series of crystal field levels that
are unique to the immediate environment. The frequencies and intensities
of the transitions batween the crystal field levels can be used as a
"finger print" for that particular environment. If there are multiple
environments; a narrow band laser can be used to excite a specific
absorption line characteristic of a particular environment and the
resulting fluorescence can arise only from the site excited. Hence
this method gives great specificity in ultra trace analysis. By
systematically tuning to different absorption lines the spectrum can
be dissected into component sites which make it up. This method has

been named SEPIL J7,S] .

- 20 The high spectral intensity of the dye laser provides the
extraordinary sensitivity. The selectivity of the laser excitation
eliminates the complex fluorescence spectra with overlapping peaks
and sloping base lines that are observed with conventional sources.
Use of laser pulses of short duration provides a means of carrying
out time' resolved studies.
The fluorescent ions are determined by direct excitation of
optical transitions. Other inorganic ions may be analysed if they
can be associated with fluorescing lanthanides in a matrix. The
analyte (non-fluorescing) ion alters the crystal field at the site
of the associated lanthanide ion which result in new lines in the
spectra and these can be selectively excited. Here the sensitivity
of the inorganic ion is determined by the associated lanthanide.
The experimental set up used in SEP1L is schematically
illustrated in the Fig. 2.3.

N 2 LASER

ELECTRONIC MEASURING
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Fig.2.3. Simplified experimental set up used in SEPIL

- 21 A nitrogen laser (16 Hz) pumped tunable dye laser is used to
selectively excite fluorescence in a sample kept at very low temperature
(-10 K ) . The fluorescence emitted is dispersed by a high resolution
monochromator. A conventional gated integrator and strip chart recorder
provide the intensity read out. The laser and intensity measuring
electronic devices are interfaced with computer for controlling the
devices, data acquisition, storing and displaying of the data.
Samples are usually prepared by co-precipitation with CaF*.
The detection Hants of SEPIL for lanthanides in CaF 2 are in ng/g.
The limits are sometimes even better than those obtained by neutron
activation analysis which is a widely employed technique for ultra
trace analysis. The SEPIL technique has been adapted for the determination at ultra trace level, of non-fluorescent rare earths La,
Ce, Gd, Lu as well as Y, Th etc. by exploiting the associative
clustering with a fluorescent probe like Er p.p] . Applying this
technique uranium and chromium have also been determined with good
sensitivity (ll,i! . Detection limits for some lanthanides in CaF,
achieved by SEPIL are given in Table 2.1.
Table 2.1 : Detection Limits of Ln
.3+

Ln

Pr
Eu
Ho
Er
Tm

Excitation
Wavelengths (nm)
475.8
460.06
448.20
. 488.39
470.01

3+

by SEPIL

Fluorescence
Wavelengths (nm)
496.21
573.55
C45.58
546.06
484.35

Detection
limit (pg/ml)
2.4
0.4
11
0.6

2

- 22 e)

Resonance Ionisation Spectroscopy (RIS)
Selective excitation of atoms and molecules attained a respectable

level after the advent of lasers.

The narrowness of the laser line

widths, the high level of intensity were the main reasons for the
development of various techniques and studies involving the excited
states.

One such mechanism is the Resonance Ionisation or photo-

ionisation and the spectroscopy done employing this tool is known as
Resonance Ionisation Spectroscopy (RIS)

(l3f .

RIS combines the selectivity of optical spectroscopy with the
sensitivity of ionisation of detectors to a powerful new analytical
method and enables the counting of a single atom of a selected element
19
in background of other atoms or molecules as high as 10 . It is
because of this elemental specificity, RIS is employed in innumerable
practical applications involving low level trace elemental detection.
The method is called "single atom detection" technique.

The method

has wide applications in nuclear physics, chemical physics, surface
physics
etc.

implantation studies, solar neutrino studies, oceanography

In resonance ionisation, a laser beam takes the system - an

atom or a molecule - to a selected excited state by the bound-bound
transition and subsequently effecting an ionisation by the absorption
of another photon by the system.

The ion or the electron thus

created is detected by highly sensitive devices such as proportional
counters and electron multipliers.

This built in spectrosoopic

selectivity leads this method to a single atom detection.

Fig. 2.4

shows different schemes of effecting resonance ionisation.- With these
schemes it is now possible to analyse any element in the periodic
table except He and Ne.
The schematics of the first experiment JJ.|D
shown in Fig. 2.5.

involving Cs is

The pulsed laser beam of wavelength U5S5 8 working

under scheme 1 of Fig. 2.U ionises almost every Cs atom in the proportional counter with unit efficiency and one atom of Cs in 10

atoms of

- 23
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RIS SCHEMES

Fig.2.4. Different schemes of effecting resonance ionisation

the counting gas (Ar and CTL) could be detected. This fundamental
experiment with Cs has led to several experiments that have important
bearing in Physics and Chemistry. Using Csl and counting Cs atoms,
absolute "Photodissociation Cross Sections" as a function of wavelength
have been determined [15] and the reaction rate of Cs with other
elements have also been studied. The Cs atom created in the fission
of
Cf could be detected by this method Q i . The result of this
study of Cf fission demonstrated the same yield of Cs atoms established
by complex radio-chemical techniques. The experiment is of great
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Fig.2.5. Schematic of the first RIS experiment involving
Cs atom.

significance as the daughter atoms can be detected in time coincidence
with the decay of the parent.
Several groups are now interested in measuring solar neutrinos
by counting Ar atoms created by Cl by neutrinos [lfl . .Similar
experiments with Li, Br have been taken up [18,1^ ,

- 25 d)

Laser Enhanced Ionisation (LEI) Spectrometry

The optogalvanic effect (OGE) is a change in electrical
properties of a discharge (or a flame) caused by illuminating the
discharge (or a flame) with radiation having a wavelength corresponding
to an atomic (or a molecular) transition. Tunable dye laser light
sources are a convenient means of providing exact wavelength for the
excitation and subsequent ionisation of the species by collision.
The collisional ionisation rate for a flamp is often considerably
higher than the spontaneous emission rate. Therefore, the change in
the impedance caused by illuminating the flames with laser light is
significant and the ionisation yield is competitive with fluorescence
yield. The study of this enhanced ionisation is known as laser enhanced
ionisation (LEI) spectroscopy and has proved to be a powerful and
sensitive technique for the determination, of atoms and molecules
present in the flames. In LEI the electrical signal is directly
generated and detected whereas in the fluorescence process the light
emitted has to be converted to electrical energy by some photoelectric device. The LEI in flames has been investigated and found
to be a convenient analytical tool for trace analysis [21,25} .
A simplified block diagram of the LEI measurement system is
given in Fig. 2.6. Radiation from a high power laser is made to
fall on a long flame from pre-mix type of burner. The sample is
fed to the flame in the form of a solution. A voltage of 1-2 kV
is applied to the flame, the burner head serving as an anode and
a pair of electrodes on both side of the flame as cathode. The
change in voltage due to the LEI is amplified and seen through a
gated detection system.
Elements Ag, Ba, Bi, Ca, Cr, Fe, Ga, In, K, Li, Mg, Mn, Na,
Ni, Pb, Sn, Tl etc. can be determined by this technique in ng/ml
levels while niany others can be detected with poorer sensitivity.
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Fig.2.6. Block diagram of LEI measurement system.

Some typical minimum determination limits (ng/ml) obtained are : In 0.008, Li - 0.001, Na - .0.05 and Tl - 0.09.
e)

Laser Excited Shpol'skii Spectrometry (LESS)

Direct, selective and sensitive determination of a broad range
of organic compounds in complex mixtures can be done, qualitatively
as well as quantitatively, by laser excited Shpol'skii spectrometry (LESS).

- 27 The method has been reviewed'recently by A.P. D'Silva and V.A. Fassel (23)
and relevant references have been given by them.
The characteristic ultraviolet and visible laser excited
optical luminescences of polynuclear aromatic hydrocarbons (PAH) are
having broad spectra with a full width at half maximum (FWHM) of
. nearly 500 cm" . If these molecules are incorporated in appropriate
matrices and solidified at low. temperatures, a sharpening of the spectra
is observed. This happens due to the Shpol'skii effect. The effect is
best understood by the example of an experiment described below :
If we freeze a dilute solution of benzo (JT) pyrene (B [£) P)
in ethanol to temperatures 10 to IE K then the absorption and
luminescence spectra of analyte B Ca] P in this frozen solid would
consist of broad bands having width of 500 cm" (FWHM). If the
experiment is repeated with an n-heptane solvent, the spectra of
B £a] P are observed to be quasilinear (line like) with band widths
of 10 cm" (FWHM). This sharpening of spectra of the dissolved PAH
is the direct manifestation of Shpol'skii effect. The physical
interpretation of Shpol'skii effect has been based on dimensional
and geometric similarities between the solvent host and solute molecules.
Also it is necessary for the solvent and solute molecules to have a
highly structured orientation. The important consideration is that
all of PAH molecules that occupy specific types of crystallographic
sites are in strictly oriented positions, experience identical
molecular fields and behave as isolated molecules. The vibronic
components in such cases should naturally be sharp and the thermal
broadening is minimised since the spectra are observed at 15 K or
less. As a result, the characteristic absorption or luminescence
spectra are line like having a FWHM of approximately 10 cm" .
With the other means to obtain sharp line absorption or
fluorescence spectra of PAHs, it is not possible to avoid the spectral
overlaps in cases where a complex misture of several PAHs or their
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derivatives occupy several types of crystalline sites in the Shpol'skii
host. The narrow absorption bandwidths (FWHM) of 10 cm" or less found
in Shpol'skii effect can be "tuned in or out" with the help of a narrow
bandwidth tunable dye laser. Thus, a site specific excitation of a
giv ;n PAH species present in a complex mixture can be obtained. The
additional advantage with the use of high intensity lasers is an
enhanced detection sensitivity that can be achieved.
The experimental arrangement for the study of the laser excited
Shpol'skii Spectrometry (LESS) is given in Fig. 2.7 schematically. The

Sampto Chamber
10-300 K

Fig.2.7. Schematic diagram of experimental set up utilised for the
observation of laser excited Shpol'skii spectroscopy
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pump lasers used are either of nitrogen, XeCl exoimer arid XrF excimer
with or without a doubler. The sample is kept in a cell of 20 ml volume
which can be attached to a cold finger of a closed cycle helium
refrigerator which cools the sample to 15 K. The monochromator has
two interchangeable detectors, a photomultiplier tube (FWT) and a
photodiode array detector (PAD).. The output of PMT goes to an Xrecorder through a gated integrator whereas the output of PAD is processed
by an optical multichannel analyser (OMA) before it is fed to the recorder.
. Using the LESS technique, as small as 0.1 ng/ml of B QaJ P
in the mixture of benzo [YJ fluoranthene (B £a} F) and benzo £ghf)
perylene (B [ghij P) 24 has been estimated. Selected compounds
in the PAH series posses the most potent mutagenic and carcinogenic
properties as such their estimation even at a small level is of prime
importance in pollution research.
f)

Opto-Acoustic Spectroscopy (OAS)

The method of optoacoustic spectroscopy (uAS) is based on the
so called opto-acoustic effect investigated by Bell [25J , Roentgen [26]
and Tyndall QfJ towards the end of the last century. The effect
shows itself as the pressure pulsations in an enclosed gas upon absorption
of radiation from a beam modulated at audio frequencies. The pressure
fluctuations which are caused by the degradation of the absorbed
energy into heat through non-radiative relaxation, may be sensed by
a suitable transducer. The enthusiasm following this discovery rapidly
waned until nearly sixty year's later when Veingerov J28? revised and
applied the technique for the qualitative an' quantitative analysis of
gas mixtures. The result is the emergence of the non dispersive infrared
analyser which employs a blackbody source, a non dispersive optical path
and an opto-acoustic detector containing the gas components to be analysed.
The inherent sensitivity of the OAS detection may be appreciated
if one compared it with conventional absorption technique wherein small
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changes in signals have to be measured against a large background. In
contrast, in opto-acoustic technique signals are measured against
negligible background.
The opto-acoustic signal is proportional to the radiant power
absorbed by the sample and to the absorption coefficient. There are
numerous advantages to be gained by using lasers as radiation sources
in OAS. The high power of the laser means enhanced sensitivity. The
narrow spectral band width gives vastly improved selectivity. The
high degree of collimation of the laser beam allows multipassing of
the beam through the sample thereby multiplying the effective power
levels. Naturally, therefore, the advent of tunable lasers has
stimulated a spate of activity in the area of OAS. The high sensitivity of optoacoustic detection when combined with intraoavity absorption
techniques, yields vastly improved limits of detection.
The experimental set up in laser-OAS is schematically shown in
Fig. 2.8.
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Fig.2.8.

Schematic of laser optoacoustic detection
system.

- 31 Essentially the output from a tunable laser modulated at a
suitable frequency (30-3000 Hz) is directed through the gas sample
enclosed in a cell. The pressure fluctuations following absorption
and relaxation are converted to electrical signals by a condenser
microphone fixed inside the cell. Phase sensitive detection of the
signal provides significant noise reduction. Since the laser output
power is a function of the wavelength, the opto-acoustic signal needs
to be normalized by monitoring the exciting optical power. An enhancement of sensitivity by two orders of magnitude or more may be achieved
by chopping the beam at a frequency corresponding to a resonant mode
of the sample chamber. Use of appropriate lasers in combination with
high quality microphones enables a wide range of gas concentration to
be determined.
Nearly all gases absorb in the infrared, notable exceptions
being the noble gases and homonuclear diatomic molecules. Therefore
most often infrared absorption is exploited in trace analyses by OAS.
The convenient laser sources available are the discretely tunable CO
and CO, lasers. Tunable diode lasers and spin-flip Raman lasers
have also been used but less frequently. The selection of the
spectral region at which to perform the analysis depends on a knowledge
of the infrared spectrum of the molecule to be studied. Light molecules
liVe atmospheric pollutants with their resolved spectral features and
heavy molecules like drugs and explosives exhibiting unresolved
absorption continuum call for different strategies of detection
(Claspy {29]. ) . With'the availability of laser powers of several
Watts, detection limits in the ppb range for most gases can be
routinely achieved.
In Table 2.2 data pertaining to optoacoustic detection of
some connton gas analytes are given (Narasiniham

- 32 Table 2.2 : Laser Line Coincidence and Optoacoustic Detection Data
Analyte

H2r>
HDD
15,

NO

C

6H6

Laser

Laser line wavelengths(um)

Sensitivity

CO

6.1US3

0.4

ppb

CO

5.35298

4.2

ppm

CO

6.00939

42.0

ppm

CO

5.30695

2,0

ppm

CO

5.40275
10.349

0.19
2.9

ppm
ppb

10.5321

0.2

ppb

9.639?

3.0

ppb

9.6575 •

0.1

ppir

co 2
co 2
co 2

In passing it is worth while to mention a recent technique namely
photoaooustic Raman spectroscopy which combines the high ietection
sensitivity of the optoacoustic technique with stimulated Raman Spectroscopy. In an actual experiment the 514.5 ran line of an Ar laser was
used as a pump beam
A second beam derived from a tunable dye
laser provided the stokes beam co . Whenever « - CJ corresponds to
s
p s
a vibration-rotation transition of the gas molecule, stimulated
scattering takes place producing rovibrational excitation of the
molecules. The non-radiative de-excitation then produces the optoacoustic signal. The method offers numerous advantages over other
non-linear techniques like CARS.
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- 35 2. ANALYSES BY. OPTICAL MISSION,,. X-.-RAy^FLLFORESCENCE,
X-RAY EXCITED JOPTICAL LUMINESCENCE AND OTHER TECHNIQUES
2.1

Optical Emission

2.1.1 An Intermittent fl.C. Are-Emission Spectrographic Method
for the Analysis of Thoria in Thoriated Copper Metal Powder
( L.C. Chandola and P.P. Khanna )
An X-ray fluorescence (XRF) method was described, earlier jjj
for the determination of ThO* in Cu metal powder in the concentration
range 0.5-10%. This method needs 500 mg sample for the analysis; but
at times the amount of sample available is much less. For the analysis
of samples as small as 20 mg, an optical emission spectrographic (OES)
method has been developed.
20 mg sample powder is distributed equally on two flat topped
graphite electrodes and glued to them with the help of stickfast
(Enelbee Co., Bombay) solution. The spectra are recorded on a large
quartz spectrograph under conditions given in Table 1.1. A line of
matrix element Cu is used as an internal standard. The comparison
Table 1.1 : Instrument and Operating Conditions for._0ES Analysis

Spectrograph
Spectral Region
Slit Width
External Optics

Electrodes
Electrode Gap

: Large quartz prism spectrograph
Hilger model E.492.
: 2450-3500 8
: 20 urn
: Image of the source is focussed
on collimating lens by a quartz
lens Hilger F.1025 placed near
the slit.
: Flat topped graphite rods of 1/4
dia UCC type 107.
: 3 mm

- 36 Table 1.1 (Contd.)

Charge

Excitation Source
Arc Current
Frequency of Interaiittence
Exposure Time
Emulsion
Emulsion Calibration
Photographic Processing
Analytical Line
Mi erophotome ter

20 mg; 10 mg on each electrode
glued with stickfast diluted with
aroyl acetate (20% w/v).
Intermittent AC arc, Hilger Model
FS 110
6 amp. AC
100 breaks per sec.
60 s.
Kodak SA-1
By seven step roti+lng sector;
Hilger assembly H.698.
Developer - Kodak D.19
fixer - Kodak F.S
Th 2861.4 8, Cu 2882.9 8 (Int.Std.)
Non-recording type Hilger
model L 451

standards are prepared synthetically by adding the appropriate .
quantities of pure thoria in Cu metal powder. The precision obtained
is +23% and the concentration range covered is 0.5-10%.
• REFERENCE
CQ

Chandola L.C. and Khanna P.P.
BARC Report No. 1209, 54-55 (1983).

2.1.2 Determination of Certain Trace Elements in Laterites and
Bauxites by Optical Emission Spectroscopy
(G.Srikant*, S.V.N. Bhaskara Rao and P.S. Murty)
Trace elements such as Co, Cu, etc were determined in laterites
and bauxites by optical emission spectroscopy (OES), employing dc arc
excitation. Two separate sets of standards were prepared, one to
*Department of Earth Sciences,, I.I.T., Powai, Bombay.

• 37 match the composition of laterites and aluminous laterites and the
other to match the composition of high grade bauxites. The composition
of the major constituents in the two sets of standards is as given
below :
Set I
A1 2 O 3
Fe 2 O 3
TiO2..
SiO2

Set II

55 .0%

68 .0%

40 .0%

27 .0%

3 .0%

3 .0%

2 .0%

2 .0%

Eight trace elements, Co, Cu, Ga, N.i, Pb, V, Zn and Zr are incorporated
into each set. Each set consisted of five standards with the concentration
of Co, Cu, Ga, Ni, Pb, V ranging between 10-200 ppm and Zn and Zr ranging
between 50-1000 ppm. Specpure oxides/coinpounds of the trace elements and
AR grade oxides of the major elements were used in preparing the two sets
of standards. The experimental details and analytical data are given in
Tables 2.1 and 2.2.
Table 2.1 : Experimental Conditions

Spectrograph
Wavelength range
Filter

Sample preparation

Sample/Standard buffer ratio

: Hilger large quartz spectrograph
(Model E492)
: 241.0 - 336.0 nm
: A neutral density filter with
100 and 10 per cent transmission
placed in front of the slit.
: Samples were ground to 200.mesh
and air dried at 140°C for one hour.
One gramme of the dried sample was
ignited in a Muffle furnace at
800 C for two hours.
: Sample/standard was ground with
graphite powder (buffer) in the
ratio of 1:2 by weight. NaF(2% by
weight) was added to the above
mixture.
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Table 2.1 (Contd.)

Charge
Slit width
Analytical gap
Electrode assembly

Excitation source
Photographic emulsion
Exposure time
Photographic processing

Emulsion calibration

Densitometry

Data evaluation

20 mg
8 ym
U nun '
Anode :- 1/H" dia u.c.c. graphite
electrode with a cavity to contain
20 mg sample/standard
Cathode :- 1/8" dia u.c.c. graphite
pointed electrode
dc arc operated at 10 A and 220 V
Kodak SA-1
30 seconds
Emulsion developed in D-19 developer and fixed in F-5 fixer as
per standard procedure
The spectrum of Fe arc operated
at 3 A dc was recorded on the
emulsion with a seven step sector
kept in front of the slit. Fe
line of suitable intensity was
used for calibration
Optical densities were measured
on a Hilger non-recording
mi crophotometer
Conversion of optical densities
to intensities and calculation
of concentrations of the trace
elements were performed on a HCL
calculator, Model Micro 2200.

- .39 Table 2.2 : Analytical data
Wavelength
(nm)

Element
Co

Internal Standard
wavelength (nm)
7266.6V

Pb

242.49
327.40
294.36
305.08
283.31

V
Zn
Zr

318.54
334.50
327.30

ir

Cu
6a
Ni

ii

n
M
it

it
ii

Concentration
(ppm)
10-200
10-200
10-200
10-200
10-200
10-200
50-1000
50-1000

*Fe 278.37 nm line was used as internal standard in the csse of
laterites and aluminous laterites. Fe 266.64 nm line was used
as internal standard in the case of bauxites.
2.1.3

Determination of Trace Elements in Trimethyl Aluminium
by ICP-AES *
(P.S. Murty)

A method for the determination of Cu, Fe, Ga, Mg, Si and
Zn in trimethyl aluminium (TMA) by inductively coupled plasma atomic
emission spectrometry (ICP-AES) was developed. TMA'was decomposed
with 95% ethanol and the aqueous solution of the decomposition product
was used for the determination of the trace elements. The matrix
element Al, was also determined after diluting the aqueous solution by
an appropriate factor.
Experimental
(i) Decomposition of TMA : TMA sample transfer and decomposition
operations are done in nitrogen atmosphere in a glove box since TMA
is highly pyrophoric and air and moisture sensitive. The glove box
*Experimantal work carried out in the Dept. of Chemistry, University of
Massachusetts, Amherst, USA.

- 40 was purged with nitrogen thoroughly for 30 minutes., All appartus
such as the addition funnel, decomposition flask etc. used for sample
transfer and decomposition were dried at 60-70°C in an oven. After
drying, the apparatus were transfered to the glove box and purged
with nitrogen. About 1-1,5 ml of TMA was transferred from the
container into the addition funnel. It was added drop-by-drop to
the flask containing 30 ml of 95% ethanol (cooled to dryice-msthahol
bath temperature, -78°C). The" contents of the decomposition flask were
allowed to warm up to room temperature. After 2-3 hours, the product
formed, was filtered and dried. The dried product was first digested
with 5 ml of H.0 o and then dissolved in 6 ml of 1:1 HNCL. The solution
£

o

•£

was made up to 50 ml by adding distilled deioniaed water. This
solution was further diluted by a factor of 500 to determine A3..
(ii) ICP-AES instrumentation : The instrumentation and the operating
conditions for ICP-AES work are given in Table 3.1. The wavelengths
chosen for determining the concentrations of the trace elements as
well as Al are listed in Table 3.2. The detection limits, BEC's in
aqueous solution, the detection limits and LQD concentrations in TMA
are also given in Table 3.2.
Table 3.1 : Instrumentation and Operating.Conditions

Generator
Nebulizer
Plasma torch
Detection

: Plasma-Therm Model HFS-5000D,
40.68 MHz with 3-turn copper load coil.
: Babington with Scott-type doublebarrel glass spray chamber; sample
uptake 1.2 ml/min
: Conventional 18 mm i.d. quartz with
1.5 mm injector orifice
: Minuteman monochromator Model 310-SMP,
1 m Czerny-Turner with 1200 groove/mm
grating. Slit width 50 urn, slit
height 5 mm, 1:1 image formed by
.quartz lens (Oriel A-11-661-37). RCAt832
photomultiplier (-1100 V ) , Keithley 411
pico ammeter.

Table 3,1 (Contd.)
Data acquisition S processing
Operating conditions

DEC PDP li/23 Computer
Argon outer gas flow 15.5 1/min,
aerosol gas flow 0.6 1/min, intermediate gas flow 0.1 1/min, R.F.
power 0.6 kW, observation height
16 mm above induction coil.

Table 3.2 : Analytical Data

Element

Wavelength
(nni)

D.La
(ng/ml)

EECb
(mg/l)

Al
Cu
Fe
Ga
Mg

376.15
324.75
259.94
294.36
279.55
251.61
213.86

24
3
6
40
0.4

1.02

_

0.27

0.02

0.24
0.48
3.?0
0.03

4

0.64

0.32

4

0.12

0.32

Si
Zn

0.31
1.63

D.L

(v

LQD C

1.2
2.4
15.0
0.15

1.6
1.6

Concentration giving a signal equal to three times standard deviation
of the background.
background level expressed as analyte concentration equivalent.
C

lrf»est quantitatively determinable value expressed as five tiroes
the detection limit.

(iii) Reproducibility : The reproducibility was evaluated in terns
of precision for the.analysis of the aqeous sample by ICP-AES and also
for the decomposition procedure. The precision of the decomposition
procedure was calculated by preparing three decomposition products of
a single TMA sample with 95% ethanol and analysing them by ICP-AES.

- 42 Tables 3.3 and 3.4 give the precision data. In Table 3.4, the values
are given as |4g/g of TMA. These were obtained after determining the
Al content in the original aqueous solution and then the corresponding
weight of TMA, that had undergone decomposition.
Table 3.3 : Reproducibility of the ICP-AES Measurements
Concentration3
pg/ml *SD

n^m^^*.
Eleroent

Al
Cu
Fe
6a
Mg
Si
Zn

9.4 ±0.4
0.12 ±0.006
O.it2 ±0.03
0.50 ±0.03
0.075 ±0.005
1.11 ±0.08
0.20 ±0.01

of three analyses of the same aqueous sample solution.
Table 3.4 : Reproducibility of the Decomposition Procedurea
Element
Cu
Fe
Ga
Mg
Si
Zn

__Exgt._l
_2__
Values in Hg/g of TMA
9.5

7.6

33.3
40.0

35.4
38.0

6.0

7.3

88.1
15.9

94.3
18.2

SffiJi.iL-

RSD (%)

10.2
30.5
46.1
5.6

14.8
7.4
10.2
14.1
8.6
10.6

79.4
14.8

Results are for three decomposition experiments performed with a
single TMA sample.

- A3 (iv) Accuracy : Since a 'IMA sample with known concentrations of the
trace elements or a certified standard could not be obtained, the
accuracy was evaluated by adding known amounts of the trace elements
to one of the aqueous samples and calculating their recoveries. The
data obtained is given in Table 3.5. It is also difficult to add the
trace elements to TMA, since it is volatile, pyrophorie and air and
moisture sensitive.
Table 3.5 : Recoveries of the Trace Elements, added ^to .the Aqueous
Solution Sample
.
r,
Element

Concentration
expected (pg/ml)

Cu

0.14
0.24
0.40
0.10
0.48
0.20

Fe
Ga

Mg
Si
Zn

(ug/ml)
found*
0.135
0.25
0.39
0.095
0.50
0.19

0.015
0.03
'0.03
0.015
0.04
0.02

Recovery
<%)
96.5
104
97.5
95
104
95

of three analyses.
2.1.4 Determination of Ce, Sm, Eu, Gd and Dy in Uranium by ICP-AES*
( P,S, Murty)
The rare earth elements, Ce, Sm, Eu, Gd and Dy after separation
and preconcentration from nuclear grade uranium were determined by ICPAES. These rare earths were separated from 10 g of uranium by cellulose
column extraction procedure ££] . The rare earths which were retained
on the cellulose were taken into aqueous medium after ashing and dissolving
•Experimental work carried out in the Department of Chemistry, University
of Massachusetts, Amherst, USA.

- 44 the residue in a few dropu of 1:1 HNO-. Tlie solution was made upto 2 ml
by adding distilled deionized water. One hundred microliters of the
solution was injected into the ICP for determining Ce, Sm, Eu, Gd, and Dy.
Experimental
The ICP-AES experimental facilities rind operating conditions
employed in this investigation are summarized in Tables 4.1 and '1.2.
Table 4.1 : Instrumentation for ICP-AES
RF generator
Load coil
Torch and nebuliser

Spectrometer and detection

Data acquisition and processing
Observation zone

Plasma Therm, Model HFS-5000 D,
40.68 MHz frequency.
3-turn Copper tubing (1/8" o.d.)
Quartz torch (18 mm i.d.) with
1.5 mm injector orifice, Babington
nebulizer with Scott-type double
barrel spray chamber (Volume 200 ml)
100 ul sample injected with
Eppendorf Digital Pipette 4710.
1 m Czerny-Turner monochromator
(Minuteman Model 310-SMP) with
1200 grooves/mm grating, slit
width 50 um, slit height 5 mm,
1:1 image formed by quartz lens
(Oriel No. A-ll-661-37), of 50 ran
dia and 200 mm focal length, RCA
4832 photomultiplier (-1100 V ) ,
Keithley til picxammeter.
DEC PDP 11/23 Computer.
16 mm above top of induction coil.

Table 4.2 : ICP-AES Operating Conditions for the Determination of
Ce, Sm, Eu, Gd, and Dy.
Element
Ce
Sm

R.F. Power
(kW)
0.50
0.60

Aerosol gas flow rate a
(1/min)
0.65
0.55

Table 4.2 (Contd.)
Element
Eu
Gd
Dy

a

Aerosol gas flow rate a
Q/min)
0.55
0.65
0.55

R.F. Power
(kW)
0.55
0.60
0.55

.

Argon outer gas and intermediate gas flow rates were 15.5 1/min
and 0.1 1/min respectively.

The optimum values for R.F. power and aerosol gas flow rate to get
the best signal to background ratio for each of the r'are earth
analytical lines were obtained by using the simplex optimization
program j%} . The argon outer gas and intermediate gas flow rates
were kept constant at 15.5 1/min and 0.1 1/min respectively during
the optimization procedure. The wavelengths chosen for the five
rare earth elements for making the calibration plots, the detection
limits and the lowest quantitatively determinable concentrations are
listed in Table 4.3. Two sets of lines were used for calibration.
The LQD values obtained by the present method are better than the
detection limits obtained by the dc arc method p Q , presently
followed in the Division.
Table k.3 : Analytical Data
Wavelength
(nm)
1

Detection limit(ng/mli
measured
literature
3
2

c
(ug/ml)
4

ii
(pg/ml)
5

Ce II 413.77
Ce II 413.38
Sm II 359.26

73
87
31

0.14
0.11
0.12

0.07
0.09
0.03

32
33
29

- 46Table 4.3 (Contd.)

2

1

Sm II 442.43
Eu II 381.97
Eu II 420.50
Gd II 342.25
Gd II 335.05
Dy II 353.17
Dy II 400.04

3

4

5'

5.6
26

36
.1.8
2.9
9.3

41
17

14
6.7

0.08

0.04

0.04

0.02

28

23

0.05

0.03

39

4.2

0.14

0.04

0.01

0.004

0.02

0.006

0.05

0.03

Calculated from three times the standard deviation of the
background and using 100 ul of sample in 0.2 H HNCU for injection.
\iterature values taken from Ref QQ .
The background equivalent concentration (BEC) is the analyte
concentration equivalent to the background level at the
analyte wavelength.
is the lowest quantitatively determinable concentration
calculated from five times the detection limit and for RE's
contained in 2 ml aqueous sample after separation from 10 g
of uranium.
Effect of Fe, Ca, Al and U
During the extraction process it is possible that trace quantities
of the matrix uranium and common elements like Fe, Ca and Al may also be
retained on the cellulose column together with the rare earth elements.
These trace elements, if present, may cause spectral interference to the
line intensities of the rare earth elements emitted in the plasma. The
spectral interference could be in the form of either line interference
or change in the spectral background. While choosing the two sets of lines,
care was taken to see that there was no direct line interference from
the spectral lines of Fe, Ca, Al and U Jjfl . However it was found that:
50 ug/ml U had pronounced effect on the net signals of Ce, Sm, Gd and
Dy analytical lines. No effect was found on the analytical lines of Eu.
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Fig. 4.1. Spectral scan around Dy 353.17 nm line
a) 0.5 Mg/ml. RE standard
b) 0.5 Mg/ml. RE standard + 50 Mg/ml uranium
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- 48 Fluorescence
2.2.1 X-Ray Fluorescence.Determination of Rare Earths in Alumina
(R.M. Agrawal and S.K. Kapoor)
An X-ray fluorescence method has been developed for the determination of rare-earths in aluminium oxide in the concentration range
0-1500 ppm. A set of homogeneous standards containing rare-earth
concentrations selected in a planned way, was prepared to collect
the X-ray fluorescence intensity data at selected measuring positions
under optimised experimental conditions.
This system containing yttrium and the fourteen consecutive
elements (lanthanides) is a very complex system for analysis. Excepting
a few cases, it is not possible to find a suitable analytical line
which does not have any spectral interference from the lines of some
other rare earth. The problem of spectral overlap has been investigated
in a novel way. The fluorescence intensity data obtained at selected
me<isured positions from the special set of standards, were subjected
to Bivariate P^ression Analysis (in the case when the interference
of the analytical line is with the line of one other element only) to
obtain the best relation between the measured fluorescence intensity
and the concentrations of the analyte and the interfering element.
From the coefficients in these equations the relative concentration
sensitivities of the analyte and the interferant at the measured
position can be ascertained. In one or two cases only, Trivariate
Regreassion analysis may be needed in case when the rare-earths are
present in the sample. The problem of all the important spectral
overlap cases has been studied and a scheme for the complete
analysis of the system has been worked out.
The uncertainities in the results due to the spectral overlap
problem have also been deduced. The data obtained are valid for the
particular set of experimental and instrumental conditions, used
during the studies.

- 49 The detection <uid determination limits for most of the rareearths are 2-5 ppm and 8-20 ppm respectively.
The method con also be used For analysing rare-earth
mixtures after suitable dilution with Al_0_.
2,2.2 X-Ray Fluorescence Determination of 'Ihoriuni and the Rareearths in Yttria
(R.M. Agrawal and R. Kairaal)
An X-ray fluorescence method has been developed for the determination of Thorium and the fourteen lanthanides in Yttria, By
following a procedure similar to the one described in 2.2.1, the
problem of spectral overlap in this system has also been solved
and data obtained for the relative concentration sensitivities of
the analytical and interfering elements at all the important
measured positions under selected ejtperimental conditions.
In this particular matrix, the problem of higher order Bragg
reflected matrix radiation lines (which are extremely intense)
interferring in the measurement of fluorescent X-ray line intensities
has also to be tackled in a few cases.
The detection and determination limits for most of the
analytes were found to be 8-20 ppm and 25-60 ppm respectively.
2.2.3 Determination' of Rare Earth Impurities in Lutetium Oxide by
X-ray Fluorescence Spectrometry
(L.C. Chandola and P.P. Khanna)
Under a programme to developsX-ray fluorescence (XRF) methods
for the analysis of high purity rare earths (REs), methods have already
been developed for the analysis of twelve RE oxides. In continuation
of this programme, an XRF method has been developed for the analysis
of lutetium oxide (Lu,O-) which determines Er, Tm, Yb, and Y in the

- 50 concentration range 0.002-1%. The only method available in literature
for the analysis of LUpO, is by Knisely et al [l] which utilises the
optical emission spectroscopic (OES) technique to determine three
elements in the concentration range 0.02-1%. The method being reported
presently gives better minimum determination limit (MDL) and precision,
determines Er for the first time and dispenses with the costly consumables like pure graphite electrodes, costly photographic plates etc.
needed by the earlier method.
' The Lu ? 0 3 sample is converted to lutetium oxalate by dissolution
in nitric acid and precipitation with oxalic acid. The oxalate precipitate
is filtered and dried. "450 mg of dry oxalate is mixed with 150 mg boric
acid binder and converted to a double layer pellet over the boric acid
backing pellet. It was found from experiments that this amount of
sample : binder (3:1) gives "infinite thickness" to the analyte X-ray
lines.
Standards are prepared synthetically in the laboratory by
mixing in proper proportions the RE oxide solutions to Lu^Og solution
and converting the solution mixture to oxalate as in the case of samples.
Double layer pellets are prepared from these standards similar to the
samples•
The instrument used for the analysis is the XRF spectrometer
Philips model PW 1220 with a LiF (200) analysing crystal. A tungsten
anode X-ray tube operated at 60 kV-35 mA is used to give primary X-rays
for the irradiation of the sample and the dispersed secondary X-ray
intensities are measured by a flow proportional counter for 40 s (a
scintillation counter and 100 s time for Y ) . The analytical details
about the analyte lines and concentration range covered by them are
given in Table 3.1.
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Table 3,1 : Analytical_Details
Element

Line

29 angle
degrees

Wavelength
K

Er

L«v

52.73

1.78425

6.947

0.002 - 1

Tm

L

«

'50.92

1.72680

7.179

0.005- 1

Yb

L

o<

49.17 •

1.67189

7.414

0.002 - 1

23.82

0.83024

14.931

0.002 - 1

Y

Energy
keV

Determination
range, %

The precision is found to be better than ±1% at 5,000 ppm and
above while at MDL it is between ±17 to 38%.
REFERENCE
[ll Knisely, R.N., Fassel, V.A., Tabeling, R.W., Hurd, B.G., and
Quiney, B.B., Spectrochim. Acta 13_, 300 (1958).
2«2.4 Determination of Ti, Cr, Cu and Ta in Niobium Oxide by X-ray
Fluorescence Method
(R.M. Dixit and S.S. Deshpande)
A number of optical emission spectroscopic (OES) methods for
the analysiis of Niobium oxide are described in literature. In our
laboratory an interim, ttant a.c. arc method 1 has been developed
to analyse Ta, Mo, Fe, Pb, Sn, Ti and Mn in Nb-0,- in the range 0.0005%
to 2%. Giles and Holmes 0 0 have developed and XRF method to analyse
Mo, Fe, Ta ? Sn, Ti, Si and Al in ferroniobium. They use lanthanum
oxide fusion methgd for sample preparation. The lower limit of determination (LLD) in their method is 0.5% for Ti, 1% for Ta, Al, Si and
Sn and 2% for Fe. An XRF method developed by us, is simple, rapid and
uses simpler double layer pellet method of sample preparation. The LLDs
attained are 0.005% for Ti and Cr, 0.01% for Cu and 0.1% for Ta.

- 52 400 n\g of Nb?CL sample is mixed with 400 mg of high purity
boric acid. The mixture (800 mg) is pressed on to a boric acid
backing pellet at a pressure of 20 tons to obtain a pellet of 31 mm
diameter. The pellet has a smooth surface and good stability.
Standards containing known amounts of Ti, Cr, Cu, and Ta are prepared
by thoroughly dry mixing the known amounts of oxides.
Philips PW-1220 a semiautomatic x-ray spectrometer is used
for the analysis. Tungsten target x-ray tube for excitation and
LiF (200) crystal for dispersion have been used.
The analysis lines chosen and determination ranges are given
in Table 4.1.
Table 4.1 : Analysis Lines and Determination Ranges..
a^^i.rfAnalyte
Ti
Cr
Cu
Ta '

T ,-~~
Line
•

Krf
K*
K* (II)
hoc (II)

Wavelength
s
M n

g

2.74
2.29
2 (1.54)
2 (1.52)

28 for

L iF(200)

86.16
69.39
100.00
98.24

Determination
Range %
0.005
0.005
0.01
0.1

to
to
to
to

0.1
0.1
0.1
1

The accuracy of the method has been ascertained by analysing the
synthetic sample.
REFERENCES.
CO

Chandola,L.C. and Karanjikar, N.P., BARC Report No.495 (1970)

[2] Giles, H.L. and Holmes, G.M., X-ray Spectrometry 7(1), 2(1978)

- 53 2.2.5 X-Ray Fluorescence Determination of Common Rare £arth Impurities
in High Purity Europium Oxide
(R.M. Dixit and S.S. Deshpande)
An X-ray fluorescence (XRF) method for the determination of Pr,
Nd, Sm, Gd, Tb, Dy and Y in high purity europium oxide has been worked
out, as per our programme to develope XRF methods for high purity rare
earths. In our laboratory an optical emission spectrographic (OES)
method for analysis of europium oxide has also been developed C O . Pr
and Y cannot be determined by the OES method. The XRF method developed
by us for this analysis is rapid, precise, accurate and has adequate
lower limits of detection for most analytes.
In the present XRF method samples and standards are presented
to X-ray spectrometer PW 1220 in the form of double layer pellets.
Tungsten target X-ray tube and LiF (200) analysing crystal have been
used for the analysis.
The analysis lines chosen and determination ranges are given
in Table 5.1.
Table 5.1 : Analysis Lines and Determination Ranges
Analyte

Line

A. in R

Y

K*

0.829

0.01 to 0.2

Pr

Ltf

2.463

0.01 to 0.2

Nd

2.370

0.02 to 0.2

2.133

0.01 to 0.2

Gd

L,
^1
Lv
*1
1^

2.046

0.005 to 0.2

Tb
Dy

Lrf
Lij1

1.976
1.710

0.01 to 0.2
0.02 to 0.2

Sm

Determination range in %

- 54 Precision arid .accuracy of the XRF method have also been
determined.
REFERENCE
p.] Murty, P.S. and Marathe, S.M., Fr. Z. Anal. Chem. 272_, 341 (1974),
2.2.6

Studies on Optimum X-Ray Excitation Parameters
(R.M. Dixit and S.S. Deshpande)

The studies of optimum exciting X-ray tube voltages to give
maximum signal/noise ratios in secondary X-ray emission for low Z
analytes in various matrices reported earlier [l],are now being
extended to 'L1 X-ray lines of rare earth analytes. For this purpose,
matrices UgOg, ZrO 2 , A1 2 O 3 and Y ^ containing 0.1% of CeCL, PrvO.,,,
Nd-O, and SnuO. have been prepared. Tungsten target X-ray tube and
LiF (200) crystal are being used for thaapurpose. Further studies
are in progress.
REFERENCE
tO

Dixit, R.M. and Deshpande S.S., BARC Report No. 1209, P-59 (1983).

2.2.7 An X-Ray Fluorescence Method for the Determination of Ca, Ba
and Sr in Thoria
(R.M. Dixit and S.S. Deshpande)
In our laboratory an optical emission spectrographic (OES) method,
using carrier distillation technique is used to analyse 27 impurities in
high purity thoria. The optical spectra of these analytes are required
to be recorded in three different spectral regions on three different
spectrographscand hence the OES analysis consumes a number of costly
photographic plates and pure graphite electrodes. To replace the OES
method by X-ray fluorescence (XRF) method for some analytes in steps,
the XRF analysis of Ca, Ba and Sr in Thoria is being developed by us.
Standards containing these analytes in the range of 20 ppm to 1% in pure
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thoria are prepared. To study the effect of particle size etc. on
intensities and working curves of analytes, standards are prepared
by directly dry mixing and also by solution methods.
2.2.8 Quantitative Ultraniicrq Analysis of Rare Earths usin% Energy
Dispersive X-Ray Fluorescence (EDXRF)
(R.M. Agrawal and Madan Lal*&
EDXRF provides high sensitivity in the analysis of small quantities
241
of samples. Am
radioisotopic source (59.57 keV excitation energy) is
capable of exciting the K-spectra of all the rare-earths except Yb and
Lu and as such is an ideal source for this purpose. The background in
the spectral region of interest due to the Compton scattering of the
exciting radiation by the sample, sets the li;nits of detection. In the
case of standard wide annular source geometry, the Compton scattered
radiation peaks at about 49 kev and as such the entire spectral region
of interest has a relatively high background. However, with close
coupled collimated side source configuration, in which source-sampledetector form a right angle, the Compton scattering is minimum and peaks
at about 54.5 kev, thus the background in the entire spectral region of
interest excepting in a small portion, is very much reduced. Thus with
this geometry much higher sensitivity is anticipated.
Experimental work has been carried out, using 100 nCi excitation
sources, 30 mm x 3 mm Si (Li) detector (200 ev resolution at 5.9 kev)
with associated equipment and samples/standards containing 1-10 ug amount
of rare-earths deposited on stretched mylar (as thin film). With close
coupled side-source geometry detection limits of 100-300 nanogransfor
one hour counting time have been obtained for most of the rare-earths,
whereas with annular source of the same strength 100 mCi, detection
limits of 1-3 microgram only (for the same counting time) could be
achieved.
* Nuclear Physics Division

- 56 For the analysis of the samples containing several rare-earths,
computational methods are to be used to tackle the problem of spectral
overlap. These require certain assumptions and approximations to be
made, which naturally affect the accuracy arid precision of the final
results. It is planned to take up these studies in the next phase.
2.3

X-Ray Excited Optical Luminescence and Other Techniques

2.3.1 X-Ray. Excited Optical Luminescence of Rare-Earth Activated Thoria
(R.M. Agrawal, M.J. Kamat, R. Kaimal, and S.K. Malhotra)
Most of the uranium compounds including the oxides, do not support
the luminescence1 of rare-earths. Quaternary oxide hosts are the only
class of compounds supporting the trace rare earth activated luminescence.
The susceptibility of the most sensitive phase viz. 2LipO. SrO. U0_. 2W0to the radiation damage on the one hand and the impracticability of this
method for use with highly radioactive uranium samples, prompted us to
investigate the alternative possibilities.
Thoria is a very good host for the trace rare-earth activated
luminescence and rare-earth impurities present in uranium and its
compounds can be determined by X-ray Excited Optical Luminescence CXEDL),
if they can be quantitatively transferred from uranium to thorium. The
work, with the above objective, has been carried out.
Solvent extraction (with TBP/CCl^) method and various coprecipitation methods were investigated with regard to recovery or loss during
the transfer, efficacy of elimination of undesirable impurities, contamination level of uranium at various stages etc. and finally, a convenient,
practical and workable method has been developed. The method involves
two stage of coprecipitation, the first stage being oxalate precipitation using a small amount of thorium as a carrier. This is followed
by redissolution of the separated precipitate, adding additional quantity
?f the carrier-thorium and precipitation as fluoride. In these precipitation
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reactions uranium remains; in solution as it is complexed. The
contamination level of uranium in the precipitate is reduced to a
level of 25 ppm after the second stage, whicn does not affect the
quality of the luminophor obtained subsequently from the precipitate.
The method has several advantages
(i)

Transfer of rare earths is quantitative from uranium to
thorium.
<ii) Contamination level of uranium in the final precipitate
is within the tolerable limit for the preparation of
the luminophor.
(iii) Luminophorsobtained from fluoride show superior rareearth luminescence in the intensities, thereby making
the method more sensitive.
(iv) Preooncentration or dilution in possible if needed.
(v)
All the undesirable impurities if present in the original
sample are eliminated.
(vi) The method can be readily adopted for the analysis of
highly active uranium samples.
Effect of typical impurities like Fe, Ca, La etc. on the Thoria
based rare earth activated phosphor has been investigated, ThO ? based
phosphor lias also been investigated for the effect of high x-radiation
dose on the rare earth luminescence intensities and it has been found
that unlike quaternary oxide base no significant change is observable
on I>r6longed irradiation of this phosphor. Thus ThO ? based phosphor
is quite stable towards x-irradiation and can be safely used for the
quantitative analysis of rare-earths at ppm and sub-ppm level.
2.3.2 X-Ray Excited Optical Luminescence of Rare-Earths in 2Li_0.
SrO. U0 2 . 2WO 3
(M.J. Kamat, S.K. Malhotra5 R. Kaimal and R.M. Agrawal)
Oxides of uranium are not good hosts for supporting the luminescence
of rare-earths. However, when converted to a quaternary oxide phase of the

- 58 cooposition, 2Li2O. SrO. U0 2 . 2WO3, they do support \:he trace rare-earth
activated luninescence and thus can be used for the determination of rareearths at sub ppm level, by X-ray excited optical luminescence (XEOL).
Standard quaternary oxide compounds containing various rare-earths
at 5 ppm level were prepared and their XEOL spectra recorded using the
standard facilities available in the Division. Following are the
relative strengthsof luminescence (characteristic lines) of various
rare-earths.
La

Ce

Pr
ws

ws

Md

Sm

Eu

Gd

Tb

Dy

s

vs

vs

ws

vs

vs weak

very very strong, vs

very strong,

Ho

s

Ev

Tra

Yb

Lu

vs weak -

strong

Standards containing Gd, Pr, Sm, Dy ai-i Fu from 0.05 ppm to 2 ppm
with Er at 10 ppm as the internal standard, on u_0~ basis were prepared
and their XEOL spectra recorded. Good linear calibration relations were
observed between the concentration and the ana^yte line to internal
standard line intensity ratios.
Effects of typical impurities La, Fe and Ca on the XEOL intensities
of Gd, Pr, Sm, Dy and Eu in the quaternary oxide based phosphor have been
studied. No significant effect has been observed when present upto
100 ppm level.
A new method for the preparation of tbe luminophor has been
developed, which is different from the convertioiiiil one. The method
is more convenient and yielde a superior product Cshowing higher XEOL
intensities) in <a xtich shorter time. The product obtained by the new
procedure, shows the increase of 20% in the luminescence intensities
for Tb, and 40-50% for Er, Dy, En and Sm. The luminescence intensity
for Gd does not alter.

- 59 The product also shows the susceptibili! v ••/• :< •earth
luminescence intensities to the radiation dose. e.g. on ,\c ;i iiional
1-1/2 hours exposure of the standards to the radiation from X-ray
tube (40 kV 20 mA, W target) used for record hip. XEOL spfrhvi, "the
intensities of luminescence for various rare-earths w.irv :-:-Juced to
the following fractions compared to the initially rf./.o; ;••) 1'itensities.
Gd
0.65

Tb

Er

Dy

Eu

Sm

0.70

0.75

0.75

0.80

0.90

This is a new observation for the quaternary ..»•>'•.: /'n^s. The
reason for the effect is not known and requires furtiw • -.•<:-• -• JC and more
detailed studies. However, its implications of imiiaJ\a•." .'.r,L-^rest are
(i) special care and precaution is needed for the JJUOML'. •• •• i vo analytical
work and (ii) its possible use as a dosimeter for me isurirrj high
radiation doses.
2.3.3 A Non Dispersive Infrared Analyser for Analysis oi" .n'^.jm
Uranium Hexaflupride
(V.B.Kartha, >«.r Patel, S. Venkateswaran, P.K.S, Prdkaca Rao
and S.V.G. Ravindranath)
In the production of high purity nuclear' gr,y:;e U!, .. Tie of the
most important inrrj:jrities to be determined is HF. JV O.-'.'-I- to carry,
out in-line non-destructive analysis, as well as meeting '"hs demand
of high sensitivity for HT in MTV* w e have developed •? r,vi:Ao nondispersive infrared analyser. The instrument omsists of a source,
light chopper, sample cell, detector and recording p,y-.c c: Radiation
from an ordinary tungsten lamp is chopped and passed through thabsorption cell. The emergent beam is split into too and intensities
at two wavelengths with and without HF absorption are moasurf?^ using
narrow band pass filters. By ratioing the two intensities T-. ,_ue
concentrations of HF can be determined with very high /v-nsi t.ivity.
Fig. 3.1 shows a block diagram of the instrument. Fig 'i.'c show^ a
typical calibration curve.
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Fig.3.1. Schematic of the non-dispersive analyser
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Fig.3.2. Calibration curve

- 61 2.3.4 Analysis of Volatile Impurities in UF. by Infrared Speetroscopy
(S. Venkateswaran, N.D. Patel, S.3. Kartha and V.B. Kartha)
Infrared Spectroscopy methods are ideally suited for the analysis
of volatile fluoride impurities in high purity UF-. Several methods for
routine analysis of impurities like HF, CF^, SF C etc. in UF C have been
standardised. Calibration curves were obtained by filling known amounts
of the gases in a 10 cm cell and running their infrared spectra. For
the analysis UF g sample is evaporated into the cell at room temperature
and impurity band intensities are measured over by background. Concentrations can then be calculated by knowing the pressure of UF R in the
cell. Typical calibration curves are shown in Figs, 4.1 - 4.3.
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4.1

Fig.
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2.3.5 Pressure Induced Therrooluminescence and its. Bearing; on
Seismic Studies
( A.V. Sankaran )
Pressure induced Thermoluminescence (TL) studies on minerals
was taken up with a view to understand the impact of regional stresses
and strains that build up in the natural environment leading finally
to earthquakes. Preliminary study of the data on innumerable minor
earthquakes in Southern India spread over past several years has been
carried out by Seismology Section (Neutron Physics Division) and the
plots of the epicentres of these recorded shocks on a regional map has
revealed that they all fall on a curved trend of 500 mile length which
surprisingly is found to coincide with the junction of two major and
compositionally distinct rock groups that constitute the crust of the
southern region* The cause of such small earthquakes may possibly be
related to readjustments of the rocks to deep seated chemical reconstitution. Such chemical changes involve re-orientation of atoms within
the mineral structures and this results in change of density of rocks
resulting in regional uplifts; in other words, there is steady build
up of stresses and strains within the crustal j?ocks, which in course
of time get released as earthquakes. The changes described give rise
to crystal (mineral) defects and trapping of electrons at these defect
centres. TL studies of such specimens will enable better understanding
of the TL- behaviour to natural build up of pressure. Before evaluating
the TL in minerals from the rocks occuring along this seismic belt,
laboratory experiments were carried cut on natural felspars (Ca, Na,
AlSigOg) which is a very common rock forming mineral. The mineral was
subjected to hydrostatic pressures, ranging from 1 to 4 kilobars
simulating pressure prevailing upto 12 km crustal depth, the zone
where most the shocks originate. TL emitted by the felspars before
and after pressure has been recorded, as well as the trend during the
progressive pressure build up. Their TL sensitivity to artificial
fin
gamma irradiation using Co source is presently under study.

- 63 2.3.6 Application of .Thermpluminescence (TL). to the Dating of Rocks
( A-V. Sankaraw )
The potentialities of the natural radiation built thermoluminescence
(TL) in the determination of age of rocks and minerals has been a subject
of investigations (jointly with Health Physics Division) for the past few
years. Conventional dating using radioactive decay methods are not
applicable to certain kind of rocks like the laterites which are secondary
rocks (i.e., rocks transformed f-?oin a original parent rock); but, TL-dating
is quite applicable since the TL method, unlike the conventional radiometric methods, does not rely for age calculation on the radiogenic
products which are likely to get depleted in rocks that undergo iIteration
or transformation. In TL dating age calculation is based, on • • JL
built by radiation subsequent to formation. Laterites from sixteen
localities in India were chosen and their TL output measured. The
natural thermoluminescence (NTL) was reproduced by artificial gamma
irradiation of the samples in order to obtain the total dose the samples
received in their natural setting. Analyses for U, Th and K contents in
these samples were carried out in order to calculate the rate of natural
dose per year which further enables calculation of the age of the rock
samples from their TL. The study revealed ages around 2 to 3 x 10 years
for samples from Kerala and Madras, which is in consonance with accepted
geological views on their origin.
2A

Service Analysis
(B.R. Vengsarkar).

Spectrbscopy Division carried out service analysis on a variety
of materials, optical emission, x-ray fluorescence and Infrared techniques
were employed. About 2060 samples involving 11750 determinations, mostly
from BARC and DAE units, were analysed during 1983 and 1984 (Ta'le 1.1)
Uranium metal samples, high purity rare earths, stainless steels
and rare earths extracted from uranium metal accounted for most of the
samples. Analyses of these samples were carried out by the methods already
developed in the division. A few special samples involving considerable
development work were also analysed.

- 64 Table 1.1 : Break up of Service Analysis for the Years 1983 and 1984
1983
Source

Nature of the
Samples

No. of
Samples

1984

No. of
Determina-tions

No. of
Samples

No. of
Determina-tions

BARC Units
Analytical
Chemistry
Division

R.E. Oxide, ThCL,
Catalyst material

Atomic Fuels
Division

U-metal, SS Carbon
steel, graphite
powder.

Central
Workshop

SS 304

Chemistry
Division

Copper, mild steel,
Manganese Oxide,
Chloroplatinic acid

Dhruva (R-5)

SS Carbon steel,
mild steel

Division of
Radiation
Protection

Low alloy steel

Fuel Reprocessing
Division

Nichrome wire

Heavy Water
Division

SS 304

Metallurgy
Division

Al-Zr alloy, Calcined petroleum,
Silicon metal, Hf,
alloy steel

MDRS Section

SS 316

Nuclear Physics Division
(Vande-graff)

Aluminium

Plasma Physics Division
(MHTO

Magnesium Aluminate

54

330

29

342

2296

2

14

38

4

20

150

8

43

1

3

149

287

2246

78

16

13

- 65 'Table 1.1 (Contd.)

1

2

3

4

5

6.

Reactor Engineering Division
(Hall 7)

SS Carbon steel

24

79

-

-

Reactor Operations Division
(CIRUS)

Plain Carbon
steel

21

241

4

20

Technical Physics Division

Titanium, SS 304

1

5

14

52

Uranium Extraction Division

Zr.Oxide, LaOxalate

135

144

14

44

Uranium Extraction Division
(UMP)

RE Oxide, U-metal
Mg-granules

125

1132

664

6893

64

429

49

274

PPED/NPB

Oxalates of Lanthanum, Neodymium
Yttrium and Thorium. Thorium
Oxide
SS 410 steel

9

53

2

6

RRC(Kalpakkam)

SS

1

4

-

-

Air India

Metal Scrap

3

27

Naval Chemical
6 Metallurgical
Labs.,Bombay-23.

Metal Scrap

DAE Units
IRE

•

OTHER INSTITUTIONS

TOTAL ...

791+

4640

-

-

3

81

1267

10110

- 66 3. ATOMIC, MOLECULAR.AND.SOLID STATE SPECTROSCOPY
3.1

Atomic Spectra

3.1.1 Measurements of Field-Shift Crossed Second Order Effects
in ^fn6s Configurations of Rare-earths
(S.A. Ahmad, Pushpa M. Rao, A. Venugopalan and G.D.Saksena)
The observed Isotope Shift (IS) &~),
A and A

between two isotopes

in a spectral line with a transition frequency ?<.', can

be written asfiTf)(f1»SDcM<NMs3+Sv/A<;sf«)+ 6v<M'cF.sJ

Th e first term

is the normal mass shift (NMS), the second the specific mass shift
(SMS) and the last term is the field shift (FS), NMS and SMS fall
off rapidly (because of their 1/AA

dependence as one goes to hea-

vier mas elements and only the field shift (FS) mainly contribute
to the observed isotope shift.
In the first-order approximation, the values of the mass
shift and also the field shift for all the levels of a pure configuration sre same. Even when the level shifts of a pure configuration
relative to a reference level are determined, one may still find
different MS or FS for different Russel-Sannder (RS) terms or even
for different levels of one term. This is attributed to the
influence of second-order contributions (far-configurations mixing)
and the relativistic effects.
The 'sf electron coupling in Ufn6s configuration causes the
parent term M|_ of Ufn core to split into two RS-ter>nsM+lL andM"'L ,
M being the multiplicity of the parent term. The different isotope
shifts observed in the above two terms are explained by the field
shift crossed-second order effect.
Experimentally one observes the IS in a transition between
two levels, with the FS part given as,
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where

S<fl>

is the change in the mean square nuclear charge

radii between isotopes A and !\ , A (fto)!*' is the change of electron
charge density at the nucleus in the corresponding transition, F(z)
is a function increasing with Z which includes relativistic
corrections to A|4>W>Ja.

The difference in the FS in two transi-

tions arising from two terms of interest to a common level, directly
gives the FS crossed second order effect.
AA1
The value of A Si> £ s can be evaluated theoretically using the
expression AS^££ = - ( Fi-O(^z') At> S< Y 1 >/" ! '

where At> = <

is calculated from the non-relativistic Hartree-Fock method, $<•* •*
is taken from experimentally reported values in literature and f(Z)
can be easily evaluated.
We have carried out extensive studies of isotope shifts in the
spectra of singly ionized neodymium D 3 gadolinium fcjand dysprosium
[3l. The configurations studied are Hf46s(Nd+), 4f86s(Gd+) and
If 6s(Dy ) and our studies have shown that the FS in the two terms
of each of the configuration are different. These differences between
two terms measured experimentally are presented in Table 1.1 as (AFS)
sxp»
Theoretical calculations of these differences have been carried out 0*7
and these are included in Table 1.1 as (AFSL.

Measurements of

crossed second-order effects in Sm II is in progress and IS in
transitions involving a pair of terms ( F, F) of the <+f 6s configuration to a common upper level are being investigated.
Table 1.1 : Comparison of Experimental (AFS)
and theoretical
exp.
JJ
difference between two terms of 4f 6s configuration
representing cross second order effects
Elements
and ioni-

Configuration

Terms

Isotopes (A FS)

CAFS).. U O

exp#

Tn

z ation state
Nd+

WU6s

(6Ol)

Gd*

<+f86s

(8F,6F)

Dy

+

10

4f 6s

6

U

( I, I)

a = D3, b= CO and c = GJ

"^Nd-^Nd
152
162

Gd-15l+Gd

Dy-

161+

Dy

-2.0(.2.0)a

- 2.57

-U.0(6.0)b

- 6.3

c

- 1.6

-2.0(1.3)
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3.1.2

Assignment of If

5d6s6p Configuration to some unassigned

Energy Levels of Neutral Erbium Atom based on Isotope Shift
Studies
(Pushpa M. Rao, A. Venugopalan, S.A. Ahmad and G.D. Saksena)
Isotope shift z\ff(166-170) in 167 spectral lines of neutral
erbium in the 3900=4600 K region have been studied p 3 with a view to
understand the electronic configurations of the energy levels involved
in these transitions. Isotope shift measurements were carried out on
the Recording Fabry-Perot Spectrometer using highly enriched isotopic
samples

Er and

Er excited in liquid nitrogen cooled hollow

cathodes. The lines studied include eight unclassified lines and a
new line at 4335.05 A identified by us in the course of this work.
The study has enabled us to evaluate isotope shifts AT(166-170)
in-54 even and 94 odd parity energy levels involving almost all the
known configurations of Er I [2] . The A T values for the energy
levels are evaluated w.ith respect to X, the assumed isotope shifts in
12 2 3
the ground level (4f 6s H-). From this data we have evaluated
isotope shifts in different configurations of Er I encountered in the
present study and these are presented in Table 2.1.
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jutigurdtions
Table 2 . 1 : Averop;o Isotope Shift ATC1'66-170) in the (..
of ErI j_fixgressed Rel/itivp to the assumed IsotoDe Shift X
3
in the Ground State State H

Even Parity
<4T(166-170)
Configuration

(Uf 12 6sl>
Odd Parity

Configuration

AT(166-170>
(mK)*

4f"6s 2

X*

4f 11 5d6s 2

X+100

4f U 6s 2 6p

X+100

4f 12 6s6p

X-75

4f 1 2 5d6s

X-80

4f1:L5d26s

X

1:L

X+15

12

X-65

4f 5d6.<!5p
4f 6s6d

*1 mK = 10" 3 cm"1.

# The estimated value of X . is «•* 16C mK

So far 357 even and 310 odd parity energy levels of Er I have
been identified and only 145 even and 168 odd energy levels have
electronic configuration assignments available, most of the known
energy levels lying above 30000 cm" remaining unassigned £33 . Of
the 54 even energy levels we have studied, presently only 11 levels
have definite configuration assignment

and another 4 levels have

tentative assignments 0 0 • We could confirvr these assignments by
the present studies.

We have been able to assign 31 unassigned even

levels to the 4f 5d6s6p configuration with the present data. All
these levels have A T values between (X-10) mK and (X+15) mK and all
11
2
of them have strong transition to levels of 4f 5d6s configuration.
Most of our assignments have been confirmed by the preliminary
parametric calculations of Vfyart £43 for energy levels of 4f 5d6s6p
configuration.

The calculations show the levels at 35218.6 and

35370.3 cm" as belonging to the 4f 5d6s configuration, but on the
basis of our observation we have assigned them to 4f 5d6s6p configuration.

The level at 33750.6 cm" has been assigned to 4f 5d6s

configuration £3} ; but this level has
value for a tf 5d6s level.

A T = (X+21) mK, too high a

We have revised the assignment of this

- 70 •level and assigned it to 4f
assigned by us to the 4f
with their

5d6s6p configuration.

The levels presently

5d6s6p configuration are presented in Table 2.2

A T values.

Table 2.2 : The even parity energy levels assigned to 4f

5d6s6j)

configuration^ on^ the basis of present IS studies.

The

IS value are given relative to the IS in the ground
state. (Table 2.1).

ATC166-170)
mK

Level (cm" )

)

AT(166-170)

mK

29760.553

8

X+9
X+8

29930.780

8

X+9

337t,0.6U5*

29138.739

6

Level (cm

33133.808
33619.332

X+10

6
10

X+10

6

X+21

29967.871

7

X+12

33942.292

10

X-12

30149.954

5

X-8

34288.437

8

X+8

30468.385

6

X+10

34487.802

9

X-10

30482.255

7
7

X+8

34724.897

9

X+7

X+14

34733.243

7

30726.736

8

X+ll

34990.233

8

X+6
X-5

31105.652

X+10

35014.743

7

X+6

31826.551

7
;

X+9

35218.609

6

31906.689

9

X+8

35300.412

8

32001.445

7

X+12

35370.371

6

X+8
X+2
X+7
X+6

30693.281

32301.601

9

X+13

35394.592

7

32525.666

8

X+8

35402.733

9

X+ll

32884.867

8

X+14

35428.605

4

X-1

1

19
* Only this level had been assigned to 4f Sd6s configuration by
earlier workers [3j which is shown to be incorrect; whereas all
. other levels were without configuration assignment C3l
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Saturation Spectrpscopy of Uranium Transitions
(K.G. Manohar*, G.K. Bhowmick*, B.N. Jagtap* and V.B. Kartha)

Homogeneous line-width measurements of spectral lines in the
presence of diluent gases, give information on pressure broadening
coefficients and pressure shift parameters, which can be interpreted
in terms of energy and phase relaxation induced by inter molecular
interactions. Such measurements are very difficult for refractory
substances, since they will have very low vapor pressures even at
fairly high temperatures. Hollow cathode discharge lamps provide a
good source for such systems, arid we have used the saturation
spectroscopy technique in a uranium hollow cathode to measure
homogeneous line widths of uranium lines.
A schematic of the experimental set up is shown in Fig. 3.1.

Fig. 3.1. Schematic of the experimental set up

*MDRS Section

- 72 Typical saturated absorption signal is shown in Fig. 3.2. We have
derived the homogeneous line width at several pressures, and the
pressure broadening coefficient comes out to about 1.8 MHz/Torr, as
can be seen from Fig. 3.3.

Vig.3.2. Saturated Absorption

3.1.1

Fig.3.3. Graph of the Lorentzian
width vs pressure

Beam Foil Spectrosoopy
(P. Meenakshi Raja Rao, G. Krishnamurty, A.B. Parui*, P. Singh*
R. Mythili*, P.K. Bhattacharya*, V.S. Raju* and M.G. Betigeri*)

Monochroinators of large light gathering power have to be used
in Beam foil Spectroscopy, where the source is an inherently weak source
of light. Such monochromators generally suffer from poor resolution,
although the situation is improved with the advent of holographic
gratings. Beam foil spectroscopic experiments consist of two parts.
Scanning the wavelength spectrum for the identification of the emitter
and transitions involved forms the first part and scanning the decay
*Nuclear Physics Division

- 73 curve of a spectral line by moving the foil in known steps to determine
life time of the state forms the second part.
Seya-Namioka vacuum monochromator is quite useful for this
purpose because the light loss is minimum due to least number of reflecting
optical components involved and also due to the fact that the wavelength
spectrum can be scanned by rotating the grating about a vertical axis.
Recently a prelimnary survey of the 0 IV spectrum was carried
out by generating the ion beam in a Tandem Vande-Graff accelerator of
NPD and using a Seya-Namioka monochromator fl,2] . The spectral resolution
of the lines vwr. not very good due to large slit widths ( ~800 u) used.
Line blending due to spectral emission from the same charge state as
well as neighbouring charge states is a serious problem in beam foil
spectroscopy. Hence it is essential to record the spectra under optimum
conditions to get the best results. It is also important to use beamcurrent or optical normalisation to get a meaningful set of data points more so for life time determinations.
However the use of such a sophisticated system implies that
positioning of the grating and the foil are precise and they can be
changed by known amounts»

A stepper motor is incorporated into Seya-

Namioka monochromator to have reproducible increments in grating position.
Once a large number of meaningful data points over several decay
lengths are collected, the effect of blending and cascading on life
time measurements can be understood wellt

Such data points can be

analysed into sum of the exponentials each with an amplitude and life
time. The most appropriate number of parameters and their values can
be determined together with their estimated standard deviation. Such
multi-exponential fit programmes are being adapted to N.D-500 Computer.
REFERENCES
[ll Bhattacharya, S.S. and Krishnamurty, G., BARC Report No.1209 (1983)
f2j Krishnamurty, G., Sarma,Y.A., Meenakshi R.Rao P. and
Bhattacharya, S.S., BARC Report No. 1218 (1983)
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Optical Spectroscopic Studies of Plasma Diagnostics
(G. Krishnamurty, P. Meenakshi Rajarao, A. Venugopalan,
and S.K.H. Auluck*)

A low inductance high voltage spark plasma source was developed
by the Neutron Physics Division of BARC. The spark source has a provision
to vary the anode voltage from 10 kV to 40 kV. The most vital parameter
. controlling the characterstics of a plasma is temperature. In general,
the conditions of a plasma are characterised by different temperatures,
each of which describes a distinct aspect of the physical state of the
system.
Another important parameter of the plasma is electron density.
This can be obtained from a study of the Stark broadening of spectral
line emissions.
Optical speotroscopic methods play an important role in
determining the temperature and electron density of a plasma source.
Yet another important aspect of the spectral emissions from plasma,
enables us to get the spectra of atoms in highly ionized state. Present
studies are aimed at developing suitable spectroscopic methods to study
these aspects of the plasma in the visible, ultraviolet and vacuum ultraviolet regions.
Preliminary studies have been initiated by photographing the
spectral features emitted in each flash of the spark source mentioned
above. A baby quartz spectrograph has been used to study the flash
variation of the spectral emissions. These features were compared
with the spectra obtained from the conventional spark sources. Further
work is under progress.

*Neutron Physics Division.
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3,2

Solid State Spectra

3.2.1

Construction of an Electron Spectrometer for the UPS Study
of Solid Surfaces and Gases
(3.V.N. Bhaskara Rao, W.C.J. Carvalho* C.P. Gopalraman*
and P.S. Murty)
An ultraviolet photoelectron spectrometer is being constructed

in collaboration with TPPED. It consists of a helium discharge lamp as
the uv photon source, an electrostatic analyser, gas cell for the study
of gaseous samples, sample holder for mounting solid samples, manipulator,
channeltron detector and necessary electronics equipment. The helium
source available with the ESCA/SAM spectrometer installed in the
Metallurgy Division, will be used with the electron spectrometer being
built. Various other par:s of the spectrometer such as the analyser
are being designed and fabricated indigenously, importing only the
minimum necessary components.
Several types of analysers which perform the electron energy
analysis by the application of an electrostatic field, are commonly
employed in both ESCA end UPS. Of these, the spherical sector analyser
(SSA) is chosen to be incorporated with our spectrometer, since it
gives good sensitivity and resolution. Initially a SSA with R

= 50mm

is being built. The experimental resolution in terms of full width
at half maximum is expected to be about 50 meV for a pass energy of
30 ev. Later on, another SSA with R

= 100 mm will be fabricated

so that the resolution can be improved by a factor of 2, for the same
pass energy. The fabrication of the spectrometer is being so planned
as to replace the smaller analyser with the bigger analyser as and
when it is ready. Similarly, as a first stage, a manually operated
system will be built first and a microprocessor controlled system
will be adapted to the unit at a later date.
Calculations have been made for the probable resolution that
would be achieved by the present analyser having R

= 50 mm, slit

width = 0.25 rnm for a pass energy of 20 eV. Calculations about the

*TPPED
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positioning of the sample before the entrance slit of the analyser,
have shown that the sample should be located at a distance of about
3 mm for obtaining optimum sensitivity and resolution. Since this
distance is very small, an electron lens will be used to focus the
electrons ejected out of the sample kept at a convenient distance
from the entrance slit of the analyser. The design and fabrication
of the analyser, analyser chamber, vacuum systems etc are being
carried out by TPPED.
3.2.2

3+
Laser Excited Fluorescence of Pr
in LaPO
(N.P. Karanjikar, R.C. Naik, V.P. Bellary and T.K. Balasubramanian)
Orthophosphates of Y, La and of rare earths (R.E.) like Lu with

a wide band gap (6-7 eV) [U

provide interesting hosts for the study

of the energy levels of R.E. ions. From earlier studies [23
that Pr

it is known

in R.E. orthophosphates fluoresces only weakly. The availability

of lasers as a source of excitation has made it possible to investigate
the fluorescence spectra of such weakly fluorescing ions. Earlier laser
q •

excited fluorescence of Pr

in YPO. was reported from our laboratory D3 •
3+
Here we report results of the study of laser excited fluorescence of Pr
in LaPOjj at liquid nitrogen temperature (LWT) and at room temperature (RT).
These fluorescence studies complemented by absorption studies as well
3+
2
could locate most of the energy levels of Pr
(4f configuration) in
LaPCL, hitherto unknown in this matrix. Poom temperature fluorescence
has enabled the observation of lines in the antistokes region.
Multicrystals of LaPCL doped with Pr
the technique developed by Feigelson ft3

(1%) were prepared by

. The technique involves

dissolution and reaction of lanthanum oxide in the flux of molten lead
pyrophosphate at high temperature and subsequent slow cooling from
1300 '.o 900° C. Small platlets of LaPO^ are separated by leaching
out the flux in hot dilute

- 77 The fluorescence spectra excited by the 4880 A line of an Ar
laser were recorded both at LOT and R.T. on a SPEX double monochromator
in photon counting mode. The absorption spectra were also recorded on
the same instrument at LNT.
At LNT the 4880 8 (20492 cm"1) Ar+ laser line excited fluore3
1
3+
in LaPO., to the lower
scence from the r level (20710 cm" ) of Pr
4
3° 1
33
33
33
3
These distinct fluorelevels like H,. \, X, and F,, F, and 1
scence groups could help locate the Stark components of the above energy
levels. Fig. 2.1 shows one such fluorescence group. The five lines
observed represent the transition P - F ? which give the positions
of the five Stark components of
Fo. Flue irescence from the lower
L.
3
T). level to H, was also observed
-1
in the region 17000-16500 cm .
This has enabled the location of the
Stark levels of T L . The absorption spectra at LNT confirmed
the locations of P

and T k levels

in addition to those of the higher
3
3
lying Po and P .
An interesting observation has been the occurrence
of ahtistokes fluorescence from
P, and

Ig lying respectively

at about 800 and 1500 cm

to

15460

15680

the higher energy side of the
exciting line. These were
observed only at R.T. which
prompted us to think that they

Fig. 2.1.

3

F Q ^ 3 F 2 fluorescence

group of Pr

in LaPO,

at LNT

may be phonon assisted. Similar
observations have been made by Auzel

in other matrices. Fig. 2.2 shows

- 78 such fluorescence from 3P,
to 3H.H . The location of 1I,
from R.T. fluorescence
1
a
could not be confirmed in absorption. The complete analysis of the

PC: 3X10*

20OT

Cnf120926^

2146

' 21366

Fig. 2.2. Laser excited (4880& Ar )
fluorescence in LaPO, at
R.T.

fluorescence and absorption spectra could yield most of the Stark
components of the levels of Pr in LaPCV which were hitherto unknown
in this matrix. Table2.1shows the observed Starx components.
LaPCL belongs to monozite structure with space group C-. ,
the point group symmetry f2l at tne R.E. ion site being CL. Although
not all expected Stark components were observed the analysis of the
spectrum is in general, in conformity with the C- point group symmetry.
Thus laser excited fluorescence could help in the location of the
levels of the otherwise weakly fluorescing Pr in LaPCV.
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Table 2.1 : Observed Stark components of 4f" energy levels of Pr
in LaPO.
_-,
+

cm

"*•

3p #
2

22646

2253?

22420

V

22075

22038

21910

21389

215'13

2U91

17134

1G960

16663

.16649

7028

6989

6922

6887

6861

6834

6698

6603

6583

6467

6>i'i !

6411

6392

6378

5200

5144

5107

5iV''i

5059

4677

HC-,22

4477

4432

4381

4365

4330

26H
213b

2654

2534

2440

2372

229t

2215 2189

158

129

89

22

0

22361

20710

V

\
H..

U223

# Observed only in absorption
* These are observed at RT fluorescence which could not be confirmed
in absorption
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[3] Naik, R.C., Karanjikar, N.P. and Narasirriham, N.A,,
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Location of the Lowest 4f15d State of. Pr 3 * in

3.2.3

Lutetium OrthophQSph..rU'
(N.P. Kardnjikar and R.C. Naik)
In our spectroscopic investigations of Pr

3+

2
ion (4f configuration)

in the crystalline matrix of LuPfl, we observed the broad bands of
fluorescence

in the region 230-450 urn under x-ray excitation.
1
2
3+
These are assigned to the 4f 5d 4f transitions of Pr . From
these assignments we could locate the lowest 4f 5d state of Pr
which lies at 43333 i90 cm" 1 in LuP0 4 .
The method of growing crystals, the spectrometer used and
other experimental details are described elsewhere (XI .

Observed peak
positions*

obs

(cnf1 )

run

Positions of the 4f
assigned levels
cm" 1

230.7

(64)

43333

0

243.0

(55)

41139

2194

261.7

(50)

38200

5133

271.5

(47)

36821

6512

298.2 (2.5^

33524

9809

( 4) . 22275

21058

448.8

Positions of the
reported 4f2 levels [2j

c

Term

0

143

2199

2419

r2

5029

5125

F3

6458

6527

9622

9902

\
\
3
3

\
3

-1

?±

21048

-

•Figures in brackets show intensity in arbitrary units.

From the Table 3.1 it is seen that the lowest fluorescence

peak

at 230.7 nm. is assumed to be due to the transition from the lowest
1
3
3+
4f 5d state to H 4 level of Pr . On this assumption the other observed
peaks are assigned in column II and the term positions derived compare
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well with the reported ones [2] in column III of the Table. Due
to broad band nature of fluorescence, accuracy of the measurement
of the wavelengths is ±0.5 nm.
REFERENCES
[j.] Naik, R.C., Karanjikar, N.P. and Narasimbam, N.A.
Solid State Communications, £8_, 389 (1981)
[2J

Hayhurst, T., Shalimoft, 6., Edelstein, Boatner and Abraham,
J. Chem. Phys., 76, 3960 (1982).

3.2.«» Spectroscopic Investigations of Pr

in GdPCv and

Observation of Antistokes Fluorescence
(N.P. Karanjikar, R.C. Naik, V.P. Bellary and T.K. Balasubramanian)
Rare-earth orthophosphates with a wide band gap (6-7 ev) [XI
and relatively high energy phonons in the range of 300 to 1080 cm"
provide interesting hosts for the study of the spectra of rare-earth
ions. Different rare-earth hosts with various rare-earth ions as
dopants, were studied by Ropp £ 3
as phosphor materials. Pr

to investigate their properties

is reported to be a weakly fluorescing

ion in these hosts. The availability of laser as a sou' ce of excitation
has made possible the investigations of such weakly fluorescing ions.
3+
The studies on Pr
in GdPCL are presented here. From the analysis
of the absorption and the laser excited fluorescence spectra at
liquid nitrogen temperature (LNT) and at room temperature (RT)
most of the energy levels of Pr 3+ in GdPO^ hitherto unknown in this
matrix could, be located. The interesting observation of antistokes
fluorescence, under laser excitation at RT from the P, and 1?levels which respectively lie S81 and 17J+3 cm

higher than the

energy of the excitation line (20492 an" ) is also reported. In
addition, X-ray excited optical luminiscence (XEOL) of Pr
GdPOu is presented.

in
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The method of growing these orthophosphates and the experimental
set up used for recording the XBOL spectra are described elsewhere D O •
The fluorescence spectra excited by 488.0 nm line of Ar laser
were recorded both at LNT and RT on a SPEX double monochromator in
photon counting mode. The absorption spectra were recorded on the
same instrument at LWf using the continuum from a tungsten filament
lamp.
Results and Discussions
From the analysis of the absorption spectrum the P level and
many of the stark components of P-, P 2 , T L an(i \ levels could be
located. Table 4,1 summarises the observed stark components derived
from our studies.
o

Table 4.1 : Observed Stark Components of 4f Energy Levels of
Pr* in GdPO,, (cm"1)

22235

\

21171

21073

16889

16834

16783

6953

6808

6787

6761 6742 6693 6668

6438

6253

6222

6163

3

F_

5046

5006

4959

4928

%o

4426

4362

4325

430.9

3

2112

2176

2233

2411 2456

0

133

315

21297

\

20497

\
2
It

HC

16759

352

4270 4119

424

- 83 At room temperature laser excited fluorescence showed the
3
3
transitions from P, and P o levels which lie respectively at 581
l
-1
and 1743 cm higher than the exciting line at 20192 cm . This
is an interesting observation of antistokes fluorescence. This
fluorescence which is observed only at RT is believed to be due
to phonon assisted absorption in higher energy levels of P ? and
h>x levels of Pr 3 + .
The XEOL spectra in general corroborate the assignments
made by the absorption and laser excited fluorescence studies.
Unlike in XEOL spectra of YPO^ iZ'X and LuPO^, 5d levels of Pr 3 +
do not fluoresce in GdPO . On the other hand, in GdPO,. there
3+
appears to be a marked enhancement of ^f-luminescence of Pr .
REFERENCES
Cil Nakazawa, E. and Shiga, F., J. of Luminescence j£, 255 (1977)
C2i Ropp, R.C., J. Electrochem. Soc. 115, BH (1968) and
J. Electrochem. Soc. JQ6, 623 (19&37
(JO Naik, R.C., Karanjikar, N.P. and Narasimham, N.A.,
Solid State Communications, _38, 389 (1981).
3.2.5 6d-5f Transitions of Pa** in ThBr*
(R.C. Naik, J.C. Krupa**)
Introduction
I.R. emission and absorption of Pa in thorium tetrahalide
2
2
1
crystals due to transitions between F 7 ,„ Fg,„ of 5f configuration
have earlier been reported CO . In this paper, the visible and near
11+

U.V. spectra of Pa

in ThBr^ due to 6d-5f transitions are discussed.

*Experimental work carried out at Radiochemistry Lab., Institute of
Nuclear Physics, Orsay, Cedex, France.
ft
* Laboratoire de Radiochimie, Institut de Physique Nucleaire,
Orsay, Cedex, Franca.
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The description of the chemical synthesis of ThBr^ and the
experimental parameters chosen in growing the single crystals used
in these studies have already been reported D O . All the spectra
were recorded on a Jobin-Yvon HR 1000 spectrometer. ORIEL 7240
mcnochromator in conjunction with a tungsten halogen continuum source
was used for selective excitation of luminescence and to record its
excitation spectra. Spectra were recorded at different temperatures
yarying from 4.2 K to 300 K. A nitrogen laser pumped dye laser was
also used in some fluorescence studies.
Results and Discussion
Table 5.1 summarises the spectral data. The visible and
Table 5.1 : Pa*** in ThBr,.
Sample
temperature

Emission
Excitation peaks
peaks
of. the emission bands

Absorption Decay time
peaks and
of emission
their(halfwidths)

8
4.2 K

7395
6848
5931
5304
5008
4318
3915

4195, 4032, 3818
broad band 2500-3000
4815, 4627, 4195, 4032,
3818
broad band 2500-3000
4815, 4627, 4195, 4032,
3818
broad band 2500-3000
4195, 4032, 3818
broad band 2500-3000

4688
(325)

ns

41
40

4063
(225)
3750
(200)

38
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Table 5.1 (Contd.)

Sample
temperature

Emission
peaks

X
200 K

5215

Excitation peaks
of the emission bands

Absorption
Decay time
peaks and
of emission
their (halfwidths)

X

A

4854, 4671, 4349, 4015,
3800

ns

4700
(350)
41B7
(375)
3688
(225)

near u.v. absorption and emission bands were assigned to 6d-Sf transitions
in Pa

.

The excitation spectra of luminescence which correspond to

6d-absorption showed better resolution of the absorption bands.

For

example, the 5304 and 5008 8 emissions have five excitation bands
corresponding to five energy levels into which the 6d
4+
'
of Pa

configuration

can split cinder the combined influence of the spin orbit and

crystal field interactions of D. or D^. symmetry.

Figure 5.1 shows

the energy level scheme derived from the spectral data.
positions in cm"

Energy level

derived from emission (shown in brackets in Fig. 5.1)

and from excitation spectra differ considerably because of the Stokesshifts between absorption and emission.

Intensity distribution among

fluorescence lines originating from different levels changes substantially depending upon whether the fluorescence is excited through lattice
absorption using U.V. radiation or through excitation into the absorption
bands of Pa

.

The radioluminescence which occurs in this crystal resembles in
its intensity distribution among its spectral lines to that observed in
U.V. excitation, suggesting that the primary excitation in radioluminescence takes place in the lattice.

- 86 By using laser excitation and tuning the laser wavelength to
pump into the strong absorption band of Pa U+ at 4688 8, antistokes
luminescence at 3915 8 and 4-318 8 could be excited in addition to
the stokes luminescence. Presumably lattice absorption taking place
via a two step process involving the intermediate Pa^+ level and the
subsequent transfer of energy to Pa 4+ by the lattice leads to the
observed antistokes fluorescence, from the higher levels of Pa1**.
Selective laser excitation into 4688 8 absorption band leads
also to I.R. emission at 5022 on" 1 which corresponds to the known
transition 1 from T 6 level of2 F ? ,2 to T ? level of2 F 5 / 2 . Radiative
transitions from 6d, populating the 2Fn/0 level are considered
responsible for this emission.
Luminescence as well as excitation peaks show large wavelength
shifts between 4.2 K and 300 K. A study of the luminescence and their

P o 4 + :Th8r 4

247*3

SMS,

sa?
ESS

ILL

i f «<M

5S00

300

SS»;

Fig. 5.1. 6d-5f transitions in
4+
Pa
: ThBr,

Fig. 5.2. Peak position of 5304?
fluorescence as a function
of temperature
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excitation spectra at different temperatures ranging from 4.2 K to
300 K leads to the conclusion that the wavelength shifts in peak
positions are associated with the structural phase change C33 taking
place in ThBr^ at 95 K (Fig. 5.2).
REFERENCES
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3.2.6 Absorption Spectral Studies of Coloured Diamonds
(N. Sarma*, R.C. Naik, N.P. Karanjikar, and K.H. Ayyar)
The defect centres in diamonds can give rise to the absorption in
different regions lending them the various types of colours. Apart from
the naturally occuring defects irradiation can also produce complex
defect structures in diamonds, from point defects to dislocation spikes.
Ihese damage centres can be investigated through absorption measurements.
The absorption spectra of the more common type H a diamonds show a region
of continuous absorption rising towards, the ultra-violet. Absorption of
a similar kind may be induced by neutron irradiation. The suggestion that
this may be due to regions of amonphous carbon has found no supporting
evidence.
Irradiation by 3 MeV electrons can give most diamonds a blue-green
colour, but the spectral changes depend on the trace impurities present.
It has been proposed that the so called GRI band at 1.673 eV (741.1 nm)
is always produced after irradiation. This GR defect does not anneal out
even after annealing at 1100°K. However, other specimen do not bear out
this result. Along with the GRI, a series of lines also appear in the
region 410-130 nm (GR2 - GR8). On annealing, two optical centres at
2.463 and 2.499 eV are formed and the intensity ratios of these two
*Nuclear Physics Division
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absorption lying in the region 1300 to 1100 cm" .
In order to study these defect centres it is necessary to obtain
reference data on natural coloured diamonds. Such specimen are difficult
to obtain but in recent times it was possible to obtain a few in Bombay,
With a view to collect data the absorption spectra of a few coloured

Mnm)

Pig.6.1. Absorption spectra of yellow diamonds in
the visible region. One specimen is known
to be natural yellow (2.77 ct.weight)

- 89 diamonds were recorded in our laboratory. The specimen 2 , encased
in a wiremesh which in turn is attached to a sample holder is imnersed
in a liquid nitrogen glass crystal and cooled to 77°K. Cooling the
sample to liquid nitrogen temperature was helpful in detecting weak
absorptions. Using the continuum from a tungsten filament lamp the
absorption spectra were recorded on a Stein-heil three prism glass
spectrograph. Ilford R-tO or Kodak 1-N plates or equivalent films
were used to record the spectra. In Fig, 6.1 the spectra of some
representative specimen are shown. The absorption spectrum of the
natural-yellow diamond (2.77 ct) shows only one prominent band at
t780 8 while those of the yellow irradiated samples show a few
additional bands at t980 and 5040 8. In the natural coloured diamond
(2.77 ct) the lines at 504 nm and f9rf nm are seen to be absent.
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3«3

Electronic Spectra and Structure.of Simple Molecules
Li

H

3,3.1 Rotational.Line Strengths in _ Z. - TT Transition of
Diatomic Molecules
(T.K. Balasuuramanian and V.P. Bellary)
The intensity distribution in the rotational structure of
the band spectrum of a 'molecule is governed by the rotational line
strengths. The rotational fine structure that accompanies a multiplet
electronic transition in a diatomic molecule, in general, present a
complex appearance and a knowledge of the theoretical line strengths
is of immense help in the identification of the different rotational
branches. In the present work a theoretical derivation of rotational
line strength for a r ~ TT transition is described.
n

u

Expressions for the rotational intensities in 2 - T
transition were first derived by Kovacs [1} , who made the following
restrictive assumptions : (i) the

2 belongs to Hund's case (b) and

(ii) the TT belongs either to Hund's case (a) or to case (b). By
incorporating a rigorous intermediate (between Hund's cases (a) and
(b) coupling treatment of
(i) has been removed.

Z. in the present derivation, restriction

In respect of assumption (ii), since a full

intermediate coupling treatment of TT , in analytically closed form,
is not possible, we firsc restrict TT to Hund's case (a) or case (b)
arid include the effect of spin-uncoupling (or spin-orbit and spinspin interactions) through first order perturbation theory. Details
of the present derivation are discussed below.
The calculation of rotational line strengths fringes on a
knowledge of the rotational eigenfunctions of £ or TT. These
are obtained by diagonalizing the rotational Hamiltonian 0
2
H = B 3 ? + i t.t + A L\£ + (2A/3) (3S^-S2)
... (1)

with t = (S-t-S)

- 91 Hamiltonian (i) contains spin-rotation, spin-spin .and spin-orbit terms.
The parameter A includes both spin-spin and second order spin-orbii
contributions. The diagonalization is carried out employing case (a)
basis functions which nay be designated as |

A.n.; i i J M ^ .

For a t

state the diagonalization is straightforward. The resulting rotational
eigenfunctions holding for intermediate coupling have been given by
Balasubramanian and Narasimham p3 .
As has been pointed out before, it is not possible to obtain
analytically closed form expressions for the rotational eigenfunctions
of TT state holding for intermediate coupling. To remedy this the
following procedure is adopted.

If the TT is close to Hund's case (a)

(A/B, ^/B>J) the effect of spin uncoupling described by the operator
-(B- V/2) (J+S_ + J_S+) is included through a first order perturbation
calculation using pure case (a) functions as the zeroth order wave
functions.

If, on the other hand, the TT is close to case (b) (which

might occur for sufficiently large rotation) the spin-orbit and spinspin

interactions are incorporated through a perturbation calculation.

In this case the asymptotic form (J-*») of case (b) functions provide
the zeroth order wave functions. In this fashion deviations from pure
case (a) or case (b) could be handled by standard perturbation technique.
The eigenfunctions are next used to obtain the rotational
line strengths according to the rather elaborate procedure described
by Hougen C2l . For electric dipole transition, theory predicts a
it

i^

total of 48 branches in a Z. - TT transition,, The intensities of all
the branches have been obtained. By substituting appropriate limiting
value? for the various parameters occuring in Hamiltonian (1) we have
verified that the present expressions reduce to those of Kovacs for the
two special cases Z (b)- TT(a) and £ (b)- W (b) treated by him. In
particular, in the latter case our expressions lead to vanishing
intensities for all the branches with A N ^ 2 . This is, of course,
expected since in case (b) limit the N selection rule N = 0, ±1 for
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rotational transitions holds. Since the expressions derived by us are
much more general they provide adequate description of a wider class of
Z - "T transitions.
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£l] Kova'cs, I. Rotational Structure in the spectra of diatomic
molecules. Adam Hilger Ltd, London (1969)
[21 Hougen, J.T., NBS Monograph No. 115, US government Printing
Office, Washington D.C. (1970)
f3] Balasubramanian, T.K. and Narasimham> N.A,,
Ind. J. Pure and Appl. Phys. 17, 682 (1979)
pfl Balasubramanian,T.K., and Bellary,V.P.
Pramana (In Press)
3.3.2

Intensity Distribution in the Rotational Structure of some
Spin-forbidden Transitions in Diatomic Molecules
(T.K. Balasubramanian and V.P. Bellary)

Spin-forbidden electronic transitions, although not common
place, do occur in the spectra of diatomic molecules. Such intercombination transitions like their atomic counterparts are caused by spinorbit interaction. We have theoretically investigated the intensity
distribution in the rotational structure of the two transitions fl - £
and 1A - 3Z . The latter transition is known in the 0_ and NF molecules
and is expected in SO-and S 9 [ll . In a previous treatment of the
above transitions Kovacs £2J restricted himself to £ states conforming
to Hund's case (b) scheme of coupling. However, a large number of S.
states now known, have appreciable magnitude for the spin-splitting
parameter.A, For such states an intermediate (between Hund's cases (a)
and (b>) ooupling description is the most appropriate. It is to be
emphasized that the rotational line strengths are greatly sensitive to
the type of ooupling to which the participating electronic states
conform. For this reason, in our present treatment we have rigorously
incorporated the intermediate nature of the ooupling in 2 . For the
sake of completeness the effect of centrifugal distortion on the spin

- 93 uncoupling in the £ state, has also been included.
The primary objective in this work is to derive analytical
expressions for the intensities in the different rotational branches
arising in it - 21 and A - £ transitions. As in any line strength
calculation the starting point is the rotational eigenfunctions of
i
i
^
II, A and 3L states. For the singlet states these may be simply
designated as | £ '•> JM> P^ • ^or a £ state the eigenfunctions
of the three rotational term series F.(J), F ? (J) and F_(J) are obtained
by diagonalising the spin-rotation Hamiltonian
H =

^

jT^

@ + with f= J - f

... (1)

The symbols occurring in (1) have their custoinary meanings (Herzberg £3] ,
Hougen E 1 ^ ). In particular the term in Xj. takes account of centrifugal
distortion in X . The diagonalisation is carried out in case (a) basis
defined by the three functions j J+, JM^> and | Z „ JM,> , The result is
=

Cj

\3ZQ

JM> + (

JF2(J)> = (VO) [l3!^ JM>~ f3^^ JM>}
(F 3 (J)> = - 8 j | 3 I . O JM> + (Cj/^2) [| 3 Z 1 JM> + J 3 ^ ^ JM>]
where C. and Sj are J dependent functions containing all the parameters
occurring in Hamiltonian (1).
The next step is to obtain the non-vanishing matrix elements
of the dipole moment operator jj between the upper and the lower rovibronic
states. These matrix elements are then combined to /ield the line strengths
according to the procedure described by Hougen P G . In this fashion
we treated the cases of both electric and magnetic dipole transitions.
A total of nine *>otational branches results for each of the electronic
transitions A - £ and W - 2 . Neither the total number-of rotational
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altered by the nature of the transition, i-e. whether it is electric
dipole or magnetic dipole. This result is merely a consequence of
the fact that both electric and magnetic dipole operators transform
alike under rotation.

(The fact that the magnetic dipole transforms

as an axial vector, unlike the electric dipole which is polar, only
1
1
alters the A component .in A or IT to which the transition occurs).
For a XA - £ transition a single transition moment corresponding to the sub-transition A - Z\., is adequate. For a TT - £
transition, on the other hand, two independent transition moments u,
and pM corresponding respectively to the sub-transitions IT - Z

Q

and

TT - J ± 1 are needed. That in this case the ratio ua / u(, is real could
be established by arguments based on time reversal symmetry (Hougen Dl] !>,
In order to demonstrate the effect of intermediate coupling
in 2: on the intensities we applied the present results to the (hypothetical) transitions a ^£-Y?T-~g

in the S 2 molecule. In Fig. 2.1

—PRE9ENT
— KOVACS

•isFig. 2.1. Comparison of intensity distribution in
PQ

branch of a l& —X 3 £~ (hypothetical)

transition of Sj, (T = 75O°K)

- 95 the rotational intensities for a typical branch, namely PQ, predicted
by the present expressions are compared with those of Kovacs 00 based
on case (b) assumption. The large discrepancy results from the fact
that the coupling in the X 2 " state of S^ is significantly different
from Hund's case (b). It would be worthwhile to obtain the experimental
intensities and compare them with the predictions of the present theory.
It is proposed to undertake work in this direction.
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3.3.3 A Study of Variation of Electronic Transition Moment of the
B-X System of
o !„ from its Laser Excited Fluorescence. Spectrum*
(G.L. Bhale)
Fluorescence studies of the B3TT (0+) - X 1 ^ system of I- with
selective excitation of a single vibrational rotational level of. the
upper state by monochromatic atomic or laser radiation have provided
a means of studying the intensity distribution in transitions to
different ground state levels. Primarily, this vibrational intensity
distribution is governed by the Franck-Condon factors (FCFs). But in
cases of extended band system, like the B-X system of I ? , the intensity
distribution is also a function of the electronic transition moment,
which changes considerably with the internuclear distance. Several
attempts were made earlier to study such variation in the B-X system
of I_ D--3 • In the present study, fluorescence intensity measurements
for this purpose have been employed. Pure iodine was vacuum distilled
in a 10 cm long pyrex cell. The vapour pressure of iodine was kept
*Experim:i.ytal work carried out at the Department of Physics,
Memei"'?! University of Newfoundland, St. John's, Canada.

- 96 constant by dipping the side arm of the cell in melting ice. Fluorescence
was excited in iodine vapour with 5145 ft radiation of an argon ion laser
giving multimode output. It was recorded photoelectrically in the region
5200-8500 8 on a Spex 0,85 m double monochromator equipped with holographic
gratings. Observed intensities were corrected for the instrumental response
factor by carrying out calibration with a standard tungsten lamp. Using
the measured intensities of P(17) rotational lines of thirty eight
(v*=H3, v") bands, and the FpFs based on recent molecular data of B and
X states, the variation of the square of electronic transition mument
| M O O |2 with the R-centroid in the range R = 2.65 - 3.1ft.was studied.
It was noticed that the electronic transition moment has a maximum value
at R.= 2.83 8 and is represented by the relation
j M O O |? = Const (-500.35B+377.125R-38.it83R2-25.H29R~3+i4.9831R1*)
Present results are discussed in relation with those obtained from
earlier studies.
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3.3.t The Angstrom.(B1;:* - A V ), Band System of
(G.L. Bhale)

13 18

C O*

The band system which is known as the Angstrom system was first
discovered by Angstrom and Thalen in 1875 and became known as the Second
Positive system of carbon. Costor and Brons fi) have performed the
•Experimental work carried out at the Department of Physics,
Memorial University of Newfoundland, St. John's, Canada.

- 97 rotational analysis of the 0-0, 0-1, 0-2, 0-3, and 0-4 bands of this
system to understand the perturbation in the v =0, 1, 2, 3 and 4 levels
of the f^TT state of 1 2 C 1 6 O. In the present study, this band system
was photographed for the isotopic nolecule ' C 0 and its high resolution
analysis carried out. The bands were excited in a specially designed
hollow cathode discharge tube having provision to physically separate
the anode and cathode glows, which could be photographed through separate
windows. Eight bands, viz., 0-0, 0-1, 0-2, 0-3, 0-i+, 0-5, 1-0, and 1-1
were photographed under moderate resolution on a medium quartz spectrograph, and a 2-m Bausch and Lomb grating spectrograph with 600 grooves/inn
grating. For high resolution work, these bands were photographed in
the second and third orders of the 2 m Bausch and Lomb grating
spectrograph with 1200 grooves/mm grating.
The rotational structure analysis of all the intense Angstrom
bands, except for the difficult 0-0 band, was carried out. The vibrational
L_ states were determined.
and rotational constants of the B1ZT + and A"TT
The perturbations observed in the A I T state were studied quantitatively
and the information about the perturbing states obtained. It was found
that the perturbations in the v =3 and 5 levels of the AnT state are
caused respectively by the v =13 and 16 levels of the a 3£ + state,
while those in the v =0 level of the A if are caused by v =1 level of
the e Z ~ state. These conclusions are in conformity with the earlier
studies of Castor and Brons [l3 •
REFERENCES
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3.3.5 The Y -Band System, of 1UM3ttS
(K.S. Chandrasekhar and T.K. Balasubramanian)
The Y band system of NS, discovered and named after the Y bands
of the isovalent NO molecule by Fowler and Bakker D 3 , involves the
? +
9
2 +
transition C 2T - XTT , the C Z. state being the first Rydberg state.
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in the original analysis of Zeeman {.2} , Balasubramanian p ] noticed
two important aspects of the C 22. + state not suspected earlier :
i) that the C state was weakly predissociated and
ii) that the v=0 level of this state showed a measurable, though1
small, spin-splitting corresponding to V=0.0055 cm" , In respect
of point (i) the predissociaticn was subsequently confirmed by Chin
and Silvers [4] from a measurement of the C state lifetime. The
spin-splitting mentioned in point (ii) is somewhat of a surprise,
7 + state is the first Rydberg state
considering the fact that the C'Z
of the molecule resulting from the promotion of the vfl" antibonding
electron to the first non-bonding Rydberg orbital 4ss" . Obviously
no rr state can stand in relation of "pure precession" with this
particular ST state. In order to understand, if we could, the origin
of the spin-splitting, it was thought worthwhile to reinvestigate the
"V-bands
'-bands of the isotopic me
molecule N S, Details of this work are
presented in this article.
The V band system was excited in quartz electrodeless discharge
tubes by microwaves of 2450 MHz. The bands were photographed on a
3.4 m Ebert spectrograph at a reciprocal dispersion of 0.77 8/mm. , Fe
arc lines were used for wavelength calibration. Line positions were
measured on a semi-automatic photo-electric comparator. Unblended
lines could be measured with a relative accuracy of 0,03 cm" .
The bands 0-0, 0-1 and 0-2 were analysed for their rotational
structure. The analysis presented no particular difficulty since the
transition-was known to be X - A 1 1 ^ <a). The various branches
were recognized by their intensities. J assignments were also straightforward since one could have prior knowledge of the ground state
rotational constants. Molecular constants for the C and X states were
evaluated by standard procedures. Details may be found elsewhere
(Chsndrasekhar O Q ) . In the fitting procedure the parameters B *ii
and p were constrained to their microwave values.

- 99 The present analysis confirmed the weak predissociation in the
C J state. A more interesting aspect is the presence of a small spinsplitting ( ^ = 0.0022 cm" 1 ) in the C state of N S which compares poorly
with the splitting (^0= 0.0055 cm ) present in the species N S. The
large difference in the values clearly rules out a "pure precessional"
origin for the spin-splitting in the C state. This state lies close to
the two valence states I jT" and H IT. It is possible that the spinsplitting originates from mutual perturbations among these three states.
Further work in the elucidation of these perturbations is in progress.
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3,3.6 High Resolution Spectral Studies of SeO
(SfB. Kartha, P. Saraswathy and G. Krishnamurty)
3 2
The ground electronic state X £ of SeO arises from the ...IT
oorifiguration analogous to 0_ molecule. From the rotational analysis
•
3 3 of the electronic bands involving the transition, A 2 - X 21 , Barrow
and Dentsch Til established that the X £ " state belongs to the Hund's
case (c> giving rise to-&= 0 and 1 components. Accurate molecular
constants for the ground state have been reported by the EPR studies [l\
and LMR EsJ studies. However these studies were confined only to v"=0
and 1 levels.
We have undertaken investigations en the spectrum of SeO primarily,
to obtain the accurate molecular constants of the ground state components
•£*- =0 and 1, by diode laser high resolution spectra of vibrationrotation bands involving higher v" values. We are also interested in
making a detailed study of the observed perturbations £ 0 of the A^H "
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by carrying out the rotational analysis of the bands of A 2T" - %2l~
system.
The basic requirement to obtain the diode laser spectrum of SeO
is to generate the radical and obtain the molecules in the ground state.
In order to assess the concentration of SeO molecules in the ground state,
efforts were made to obtain the absorption spectrum. SeO was produced
in a flow system by mixing seleniuni vapour and argon with microwave discharged oxygen. The products were rapidly pumped off in to an absorption
cell where blue emission characteristic of the band system A 2T~ - X £ ~
was observed. Electronic emission spectra of this was recorded and the
bands identified. But, despite serious efforts, the electronic absorption
spectra could not be observed. The main reason for not observing the
absorption could be due to the fact that the most intense bands involve
v'=0 progression with v"=5, 6,... 10 only. For'SeO, the 0-0 band is not
observed since the Franck-Condon factors are not favourable. It can be
concluded that, the maximum concentration of SeO molecule, perhaps exists
in the vibrationally excited levels involving v"=5-10. Further experiments
with the diode laser are planned to determine the accurate vibration
rotation frequencies and intensities in different higher vibrational
levels of the ground state.
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3.3.7 Rotational Analysis of ...the A TT - X 21 Bands of SiSe
(G. Lakshminarayana and B.J. Shetty)
The molecules formed by silicon with group VIA elements, namely,
SiO, SiS, SiSe and SiTe belong to ten valence electron group of diatomic

- 101 molecules. Many of these molecules are of astrophysical interest and
their detailed study by spec^roscopic study technique will help in
understanding the formation and identification of these molecules in
interstellar madia. As a part of our programme to study these molecules,
we have undertaken the investigation of the emission spectrum of SiSe
under high resolution.
In the earlier study of SiSe, Barrow D 3 observed a group of
bands in the region 2800-3900 8 in emission and attributed them to the
A .IT - X T transition. Vago and Barrow $ j obtained another group
of bands in absorption in the region 2300-2800 8 along with the A-X
bands and assigned them to the E £ T - X r transition. Lebreton
et al. f33 have observed yet another group of bands in the region
3900-1300 8 and assigned them to the a 3 ^ - X1^.+ transition. Detailed
studies of the electronic states involved in these transitions are yet to be
carried out with the help of detailed rotational structure analysis.
In our laboratory, we have standardised a very simple and most
convenient technique to obtain all the three above mentioned band
systems simultaneously with good intensity and free from other uridesired
spectra. Our method involves preparing electrodeless discharge (ELD)
tube containing milligram quantities of pure elemental silicon and
selinium along with neon at a pressure of about 2 Torr. The spectrum
of SiSe is excited by running a microwave discharge (2450 MHz) through
this ELD tube.
The .A IT state in SiO and SiS is found to be perturbed by r ",
A , £ ~ and A states. Since no high resolution work is carried out
for SiSe, the situation in the SiSe molecule is not yet known. Hence
we have photographed the bands of A^TT - X 1 ^ + system (2800-3900 8) in
the third order (reciprocal linear dispersion of about 0.2 8/mm) of a
10,6 m Ebert grating spectrograph with a grating of 30,000 lines per
inch and blazed at one micron for carrying out their rotational structure
study.

- 102 The A-X bands which are red degraded, show well resolved rotational
structure. Each band has two heads - a Q and a R head - as is to be
expected for a TT-2L transition.
To start with we have taken up the rotational analysis of the
i»-0 (2947.198) and 3-0 (2981.01 ft) bands, which are found to be free
from overlapping rotational structure of other bands. Rotational
lines in these bands could be traced to very close to the band origin.
The' analysis of these bands has revealed rotational perturbations in
v=3 and 4 vibrational levels of the A V state. Complete analysis of
all the bands of this system is underway.
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3.3.8 Electronic Spectrum of B S and B S molecules
(G. Laksnminarayana and Sheila Gopal)
The study of the spectra of isotopic species of molecules provide
unambiguous vibrational assignments of electronic transitions. Further,
high resolution rotational structure studies of isotopic molecules will
help establish the nature as well as vibrational numbering of the perturbing states. Keeping these objectives in view we have taken up the
study of the electronic spectra of B S and B S molecules. We have
produced the spectra of these molecules in microwave discharge through
a sealed quartz tube containing small quantities of boror., sulphur and
neon at a pressure of ^- 2 Torr. The spectra have been photographed on
a medium quartz spectrograph and on a 3.4 m Ebert grating spectrograph
in the region 2000-7000 R. The vibrational isotope shifts have been
evaluated for all the known electronic transitions of BS, namely,
A V -X 2 £ +, B 2 £ + - A2TT and C % - X 2 S + systems.
High resolution rotational structure studies of some of these band
systems are in progress.
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Emission Spectrum of PN Molecule
( P. Saraswathy and G. Krishnamurty)

The A M - X 21 system of PN molecule was first reported by Curry
et al [l] . They obtained the spectra in emission, and carried out the
vibrational and rotational analysis of a few bands. Recently Ghosh
et al [2] photographed the system in high resolution and extended the
rotational analysis to higher vibrational states. They observed few
perturbations in the upper state.
In order to study the nature of the perturbing states and to
calculate molecular constants for them, the study of the bands of
A ^ T - X 21 system of P N as well as the isotopic molecule P N. has
been undertaken by us. The spectrum of PN was excited in an eleetrodeless
discharge tube containing trace of phosphorus, nitrogen and neon at a
total pressure of 7 Torr, using a microwave oscillator. Considerable
time was spent on optimising the condition for PN emission, since the
quantity of phosphorusf the pressure of N_ arid Ne and the microwave
oscillator power were very critical. Any deviation caused the emission
of P o , N o , NO and P0 bands which interfered with the spectrum of PN.
15
For vibrational analysis N o * enriched to 50%, (supplied by the Ch.E.D.)
15
was used to excite the P N bands, while as for rotational analysis
15
15
work, P N bands were excited using N2 enriched to 95.5%.
(a) Vibrational analysis
Bands of P 14 N and P 15 N lying in the region 2300-3000 8 were
plrotographed under low resolution in the 1st order of a 3,t meter
Jarreli-Ash Spectrograph using 600 grooves/mn grating blazed at
4000 8. Observed isotope shifts confirmed.the vibrational assignments G O ,
(b)

Rotation analysis

Bands for both the species were photographed in high resolution,
in the ^th order of a 1 u blazed grating (1200 grooves/im) using the
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3.4 meter Jarrell-Ash Spectrograph. Rotational analysis of natural bands
involving v = 0 to 5 were completed and the analysis of P N bands are
under progress. The perturbations in thu A TT state are being studied
in greater detail making use of the rotational analysis data from P N
and P 15 N bands.
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3.3.10 Intensity_ Studies,, in the a 7f - X"Z i i Transition of GaH
(B.J. Shetty., G.Lakshminarayana and T.K. Balasubramanien)
In the heavy molecules, such as group III A hydrides, (GaH, InH,'
T1H) the selection rule S = 0 is frequently violated because of spin- .
orbit interaction. This results in the occurrence of strong singlettriplet (intercombination) transitions in these molecules*
The a"rr - X X £ + system of GaH which lies in the 5200-6400 8
region has been found to consist mainly of two sub systems, namely,
a TTft+ X T. and a rU - X 21 . Two more weak transitions assigned as
a 3TTn- - X 1TL+ and a 3Tf2 - X 1r.+ have also been observed. These transitions
which respectively violate the selection rules +•*->+ and £S-= 0, il
3
3
3
are made allowed by the mixing of the a TT0- and a vr, states with the TJ.
state. Such a mixing is brought about by the rotation of the molecule.
In other words, these two transitions borrow intensity from the a IT, transition. The intensity of the rotational lines of these doubly
forbidden transitions increases with increasing rotation.
We have undertaken the study of the intensity distribution in the
rotational lines of a % Q - X ^ Z * and a TT2 - X 2 transitions both theoretically and experimentally, in order to validate the above interpretation.

- 105 The emission spectra of GaH have been photographed under high resolution
and rotational line intensities are being evaluated. Theoretical
calculations are also in progress.
3.3.11 Spectrum of GaO Molecule
(M. Singh and G.S. Ghodgaonkar)
GaO molecule has only one band system which lies in the spectral
region 3600-4200 8. This is analysed- by the earlier workers \X,2\ as
2 +
2 +
a B J - X Z transition. The rotational structure of the bands
belonging to this system is very complex. The complexity of the
structure is because of (i) the overlapping of the sequence bands and
(ii> the presence of two equally abundant stable isotopes Ga (60%)
and Ga (40%). To simplify the rotational structure, the 0-0 and
0-1 bands of the single isotopic molecule GaO, using a new source
of excitation wherein only a few milligrams of Ga 2 O, is used, have
been photographed. From the observed structure of bands it is found
that the analysis carried out by the earlier workers is in error.
Efforts are being made to give an unambiguous analysis of the rotational
structure.
REFERENCES
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D V - A V . andMcVr-.A^T. Transitions of A10
(M. Singh and M.D, Saksena)

Seven bands viz. 0-0, 1-1, 1-0, 2-1, 3-2, 4-3 and 5-4 of the
5
D X. - A TT. transition of A10 were photographed at high resolution
and analysed for the rotational structure. From this study and also
from the study of the rotational structure of the bands of the CTT - ATTj
o

+

- 106 transition,' valuable information has been obtained about the rotational
structure in the vibrational levels ^= 0 to 't of the common final state

Severe rotational perturbations have been observed in the ATT.
state. The perturbing electronic state has been identified with the
ground electronic state X £ . Fig. 12.1 shows the plot of term values
of these two interacting electronic states versus J (J+l) for the

Fig.12.1. Plot of term values of the
2 +
and X X states of A10.

- 107 relevant vibrational levels«

One can see that the rotational pertur-

bation is expected to culminate at the crossing points. These are
J»78.5 <f> and J«86.5 (e), J«63.5 (f) and Js=*71.5 (e), J#t5.5 (f)
and J»53.S (e) and J * 11,5 (f) and Js*19.5 (e) respectively for the
vibrational levels v - 0, 1, 2 and 3 of the A 2 1T. /O sub state. The
observed shifts of the rotation,^ levels are plotted in Fig. 12.2 and
the observed features seem to agree with the results expected from Fig. 12.1.

V>3

IE

(d)

Fig. 12.2

v»o

Shifts of the rotational levels
of f and e parity A components of
2
the A TL ,J?* substate, for the
vibrational levels v a 0, 1, 2 and
3.

The vibrational levels v =4 and 3 of the A^T- /2 sub state (Fig. 12.1)
are expected to be homogenously perturbed by the vibrational levels
v = 9 and 8 of the electronic ground state X £ . This should cause
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a systematic gradual, change in the rotational constants B and D of the
vibrational levels v =4 and 3. In Fig. 12.3 a plot of A_F(J)/J+l/r2 vs
2
(J+l/2) for the v = t level is shown to. be a curve. In the absence of

Pig.,12,3.

Plot o£<42P(J)/4(j+%) vs(J+%)
vibrational levels

for the

v " 3 and 4 of the

ATTv(F ) substate.

any rotational perturbations, this plot should have been a straight
line with a negative slope. A similar plot for the vibrational level
v = 3 in Fig. 12.3 shows a positive slope with the X-axis, Precise
values of the rotational constants could not therefore be determined
for these two vibrational levels.
The presence of the rotational perturbation is also manifested
in the behaviour of the A - doubling observed in the vibrational levels
v = H and 3 of the A Tl _ ,„ sub. state. To give an overall view, the A >
doubling in the vibrational levels v = 0 to 4 of the ATT-i /2 substate

- 109 is plotted in Fig. 12.H. One can see very large A doubling in the v = 14
level even at low values of J and it is in the reverse direction as
compared to the doubling in the preceeding levels. In the vibrational
level v = 3 the doubling starts decreasing and would become zero near
Jw33.5. Rotational constants for the vibrational levels v = 0, 1 and
2 are determined using Hill and VanVleck's expression as modified by
Jaflss and are given in Table 12.1

Fig, 12.4.

doubling observed in thu A^FV(F-)
substate for the vibrational levels
v=0, 1, 2, 3 and 4. (Note the reduction
of ordinate scale in Fig. a as compared
to the scales in Fig. (b), (c), (d) and
(e).

- 110 Table 12.1 .' True Rotational Constants of the A TT- State
of A10 (in cm"1)
6
D.. x 10°
~v

B..
v

0
1
2

0.53459 (01)
0.52962 (01)
0.52477 (06)

Ay
"V

1.157 (01)
1.131 (07)
0.901 (06)

B

e

= 0.5370,

B.
"v

127.66
127.95
128.08
c

0. 5321
0. 5278
0. 5221

0.001

e

xV

3.3.13 The B 2 :
Transition of A10
(M.Singh, G.V. Zqpe* and S.L.N.G. Krishnamachari)
2 +
2 +
Ten bands of the B E
- X £ transition of A10 have been photographed on high resolution and analysed for rotational structure. From
the rotational analysis of these bands viz. 2-0, 3-1, 4-2, 5-3, 6-4, 7-5,
4-1, 5-2, 6-3, and 7-4 upper state rotational constants have been determined and these are given in Table 13.1. For the vibrational levels
v1 = 4 to 7, these constants are determined for the first time.
Table 13.1 : Rotational Constants of the B 2 £ + State of A10 (in cm"1)

V

B

2

0.59281
0.58835
0.58402
0.57959
0.57533
0.57120

3
4
5
6
7

v
(1)
(1)
(1)
(1)
(1)
(2)

D

6
v x 10

1.125
1.127
1.141
1.128
1.139
1.152

(1)
(1)
(2)
(1)
(3)
(6)

*Senior research fellow, Bombay University.

V
-

0.0078
0.0081
0.0093
0.0106
0.0110

- o.0106

(1)
(1)
(1)
(1)

(2)
(t)

- Ill 3.3.14 Rotational Structure in the XeCl Laser Bands at ,3080 8
(B.M. Suri*, R. Kapoor*, M. Singh, G.D. Saksena and P.R.K. Rao*)
Rotational structure has been observed in the 0-1 and 0-2 bands
of the spectrum of XeCl laser on a 1.5 metre Jobin-Yvon double pass
monochrcniator (model THR-1500). No rotational analysis has yet been
reported for these bands. Rotational structure of these bands, using
the estimated rotational constants available in the literature, has
been simulated by us. It is assumed that lasing occurs only in the
P-b.ranch transitions. The observed structure is compared with the
simulated structure and is found to have a partial agreement.

*MDRS Section
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Electronic Spectra and Structure of Free Radicals

3.4.1 Absorption Spectrum of the HCCO Radical
(S.L.N.G. Krishnamachari and R. Venkatasubramanian)
Introduction
As a part of our general programme of the spectroscopic studies
on the transient species produced in the flash photolysis of organic
compounds, we have recently investigated a series of five-membered
heterocyclic ring compounds. Studies carried out with thiophene (CJLS)
and selenophene (CJ^Se) have yielded the spectra of two new free
radicals, HCCS and HCCSe Cl-HJ • In order to obtain the spectrum of
the corresponding HCCO radical flash-photolysis experiments were
conducted with oxygen containing ring compounds, viz furan (C.RO),
oxazole and isoxazole (CgFLNO). While no transient species were
observed with furan (presumably due to the absence of photodecomposition
with the radiation employed) several new transient absorption bands
were observed with oxazole and isoxazole. The new absorption features
observed with both these compounds consist of three groups of bands
lying in the regions 2500-3050, 3080-3400 and 3400-3670 & The first
group of bands in the region 2500-3050 could be assigned to the
metastable species of HCN (possibly, hydrogen isocyanide) which is
dealt with in an another paper while the latter two groups lying
in the region 3080-3400 and 3400-3670 are assigned to the HCCO
radical and described in the present report.
Experimental
To obtain the absorption spectra of the transient species, the
flash-photolysis apparatus, described earlier has been used [s} .
Spectra were recorded with an absorption path length of 16 m using the
multiple reflection mirror set-up. At an interval of 5 usec between
the photolysis and monitoring flashes the intensity of the absorption
bands was maximum. Chemically pure samples of oxazole and isoxazole

- 113 (M/s. Sigma Chemicals and M/s. Fluka Chemicals) were further purified
by repeated cycles of freezing at liquid nitrogen temperature, pumping
and thawing. Spectra were studied under different pressure conditions,
i.e. with isoxazole and oxazoie pressures varying from 0.1 to 5 torr
and dilution with argon about 10 to 100 times. Maximum intensity for
the bands was observed when a mixture of 2 torr of isoxazole and 50 torr
of argon was used. Iron hollow cathode lines were employed for wavelength calibration and the measurements made on a Jarrel-Ash photoelectric comparator; the wavelength of the sharp bands are accurate
up to 0.01 8.
Results
The flash photolysis of both isoxazole and oxazoie showed the
transient absorption spectra due to known free radical species CH
(4300 and 3900 8 systems), HCO (bands in the region 5200-6500 8) and
CN (3880 8, violet system). In addition, several new transient'absorption bands in the region 2500-3700 8 were also obtained which could
not be identified with any known species. Based on the structure of
these bands, they could be classified into three distinct groups lying
in the regions 2500-3050; 3080-3400; and 3400-3670 8. Of these the one
lying on the shorter wavelength side i.e. the 2500-3050 group, was also
observed in the flash photolysis of thiazole (CJHgNS) but was absent in
the flash photolysis of thiophene (CJFTS).' These bands were assigned
to an excited species of HCN, the triplet HCN or isomeric HNC £6] .
The remaining two groups are discussed here. The data on these bands
are given in tables 1.1 and 1.2. ' Spectrograms of these bands, obtained
in the flash-photolysis of isoxazole-argon mixture are shown in Figs. 1.1a
and b. The 3400-3670 8 group, as shown in Fig. 1.1a consists of eight
bands which show degradation towards longer wavelengths; the band at
3667.01 8 shews sharp heads while the bands at 3530.18 and 3528.00 8
show heads which are slightly diffuse and the band'at 3400.3B X is
still more diffuse. The 3080-3400 8 group, shown in Fig. 1.1b consists
of 33 bands. The strong bands at 3333.60, 3287.25 and 3184.80 8 show

3333 60

Fig.1.1. Absorption spectrum of HCCO (a) 3400-3670 & system and
(b) 3080-3400 8 system.
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five or six heads characteristic of the K-structure of an asymmetric
top molecule. The coarse structure (K-structure) and the fine structure
(J-structure) of these bands show red-degradation.
Analysis and discussion
a)

The 3400-3670 8 system

The intense band on the wavelength side of the group, i.e. the
band at 3667.01 $ represents the origin band (0-0 band) of this system.
The frequency separations of all the other bands from the 0-0 band are
shown in Table 1.1. These frequency separations can be represented in
terms of two prominent vibrational frequencies in the excited state,
viz 1057 and 1074 cm" . The 0-0 band is accompanied on the shorter
wavelength side by three closely-spaced components with separations of
Table 1.1 : Band head data and assignments for the 31400-3670flsystem
A
air

(A)

3667.01
3665.86
3664.61+
3530.18
3529.31
3528.00
3526.73
3400.38

Intensity
(visual
estimate)

S>
vac
(cm"1)

4V from
(0-0) band
(cm"l)

10

27262.4

0

5

27271.0
27280.1
28319.1
28326.0
28336.5
28346.8
29400.0

17.7
1056.7
1063.6
1074.1
1084.4
2137.6

1
8
3
5
1
3

Assignment

(0-0)

8.6

(0-0)+1057
(0-0)+1074
(0-0)+1057+1074

8.6 and 9,1 cm" , The relative intensities of these components suggest
that they could be ascribed to the sequence structure (i.e. 1-1, 2-2)
involving a vibrational mode of low magnitude in the lower and excited
electronic states. The 0-0 band shows a simple rotational structure with

- 116 a single head which is characteristic of a transition which involves a
linear conformation of the molecule in atleast one of the combining
staies C'^l • The structure of this band is similar to that of the
0-0 band of the HCCS radical at 4113.73 8 which corresponds to a
linear-linear or linear-bent transition 0 0 . The excited state
fundamental frequencies of 1057 and 1074 cm" represent the CO
stretching and CH bending modes. Thus the 3400-3670 8 system would
represent the transition of HCCO analogous to the 4114 8 system of HCCS.
The occurrence of HCN as an end product (detected by its IR Spectrum)
shows that the photodissociation of the parent compound results in
ring scission forming an excited HCN and HCCO.
b)

The 3080-3400 8 system

This system, compared to the earlier one, is more extended
indicating a large change in the geometry of the molecule between
the lower and excited electronic states. The intense band on the
longer wavelength end i.e. the band at 3333.60 8 represents the 0-0
band of this system. The main progression forming frequency is the
969 on" one. Another prominent frequency interval is the one with
the 423 cm" separation; most of the observed frequency separations
could be interpreted in terms of the 969 and 423 cm" intervals.
These intervals thus represent the excited state fundamental frequencies;
the 969 cm" frequency represents the CH bending mode while the 423 cm
represents a bending mode involving relatively heavier atoms and
this could be correlated with the CCO bending mode. As mentioned
earlier the strong bands at 3333.60, 3287.25 and 3184.80 8 show a
rather complex rotational structure consisting of a large number
of heads characteristic of a transition of an asymmetric top molecule.
This implies that the molecule should be nonlinear' in both the
electronic.states involved in the transition. The structure of
these bands is similar to those observed for the bands in the
region 3400-3640 8 of the HCCS radical. Thus the 3080-3400 8
system represents the transition of HCCO analogous to the 3640 8
system of HCCS.

- 117 Table l,2:Band head data and assignments for the 3080-3400 8 system

air
(A)
3395.64
3393.85
3391.80
3390.95
3361.73
3349.49
3347.58
3342.09
3338,34
3334.34
3333.60
3300.46
3299.05
3297.71
3236.36
3293.81
3292.40
3290.27
3289.55
3288.44
3287.25
3241.03
3236.20
3234.09
3231.22

Intensity
(visual
estimate)

~? Vac

5

29441.1

1

29456.6
29474.4
29481.8
29738.1

1

5
1
3

2
7
10
9
7
1

1
2
2
1
4
4
3
9
7

9
1
1

2

A"5 from
(0-0) band
, (airl)
547.9
532.4
514.6
507.2
250.9

29846.7
29863.7
28012.8
29946.4
29982.3

142.3
125.3
76.2
42.6

29989.0
30290.1
30303.1
30315.3
30327.8

0

326.3
338.8

30351.3
30364.2
30383.9
30390.5
30400.8

362.3
375.2
394.9
401.5
411.8

30411.8
30845.5
30891.5
30911.7
30939.1

422.8
856.5
902.5
922.7
950.1

Assignment

(0-0)-507

6.7

(0-0)

301.1
314.1

(0-0)+423

- 118 Contd. (table 1.2)

air
(A)

Intensity
(visual
estimate)

vac

A * from
(0-0) band
(cirri)

3229 .21+
3195 .68

7
3

30958.2
31283.2

969.2
1294.2

3190 .54

1

31333.6

1344.6

3189 .58

5

31343.0

1354.0

3186 .06

8

31377.7

1388.7

3184 .80

1401.1

5

31390.1

3088 .78

1

32365.9

2376.9

3088 .It

1

32372.5

2383.5

Assignment

(0-0)+969

(0-0)+42.3+969

(0-0)+423+2x969
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- 119 3.4.2 Electronic Absorption Spectrum of Hydrogen Isocyanidelt(HNC)
(S.L.N.G. Krishnamachari, and R. Venkatasubramanian)
Introduction
The hydrogen isocyanide molecule is theoretically and experimentally an important one particularly in view of its recent observation, by radio-astronomy, in certain galactic sources £13 . Though
the infrared and microwave spectra of HNC were reported 127 , the
electronic spectrum is so far not reported. In our experiments on
the flash photolysis of thiazole, oxazole and isoxazole we come
across with a transient absorption spectrum in the region 2500-3050 8
which could be attributed in the HNC molecule. This identification is
supported by the method of production, analysis of the vibrational
structure and the deuterium isotope shifts. The details of this work
are presented in this report.
Experimental
The flash photolysis unit used in the present studies has been
described earlier \3"\ . The absorption spectra are obtained with a
path length of 12 meters and with time delays ranging from 5 us to
500 us. A. 1.3 m Ebert Spectrograph equipped with a holographic grating
having 2400 I/mm and giving a reciprocal dispersion of 2.9 A/mm has
been employed to record the spectra. The samples of thiazole and of
isoxazole are obtained from M/s Fluka Chemicals while oxazole is obtained
from M/s Sigma Chemicals; these were purified by repeated cycles of
freezing at liquid nitrogen temperature, pumping and thawing. The
spectra are studied under different experimental conditions i.e. with
isoxazole/oxazble pressure varying from 0.1 torr to 5 torr and dilution
with argon in the proportion of 10 to 100 times. The optimum conditions
for obtaining these bands with high intensity was found to be 0.5 torr
of isoxazole or oxazole mixed with 25 torr of argon.

- 120 Deuterated thiazole was prepared by following a procedure similar
to the one employed for the preparation of deuterated thiophene tKJ ;
however, in the present case, since thiazole was soluble in the acid
medium, unlike thiophene, an additional solvent extraction step had to
be added at the end of the isotope exchange reaction. As shown below
a deuterium concentration of ~ 60% could be attained; details of the
preparation will be published elsewhere.
Results
The spectra recorded with different time delays, taken at
different pressures of isoxazole, yielded a value of 300 us for the
radiative half life time for the bands in the region 2500-3050 8.
The spectrum of these bands obtained with isoxazole pressure of 0.5 torr
and argon pressure of 25 torr, with a path length of 12 m and with
a time delay of 5 us is shown in Fig. 2.1. Though the bands showed
red degradation, their rotational structure could not be discerned
with the resolution employed; even the first member of the progression
seems to be intrinsically diffuse and the diffuseness increases towards
the higher members of the progression on the lower wavelength side.
However, their vibrational structure is well developed and as shown
in Table 2.1 these could be arranged into a vibrational scheme yielding
an excited state vibrational fundamental frequency of 1005 cm" . The
band at 3044 A showed an appreciable shift when experiments were carried
out with deuterated thiazole and oxazole. This is shown in Fig. 2.2.
Discussion
The bands under discussion could also be observed in the flash
photolysis of thiazole (C.HJIS) 0 3 ; however, in this case the bands
are heavily overlapped by the S 2 bands. The flash photolysis of
thiophene ( C ^ S ) E J on the other hand did not yield these bands.
These results thus show that the species responsible for these bands
does not contain S or 0 atoms but should contain one or more of N, C
and H atoms. The long radiative life time observed for these bands

2806 9-,

r28P.3

r2872.3

II

2574.4

r2955.7

I

r

*

r30476

2656.1

2720.9

28069^

,-2813 3

Si ABSORPTION LINES IN THE BACKGROUND CONTINUUM

F i g . 2 . 1 . Transient absorption bands obtained in the region 2550-3050 %. in the flash
photolysis of isoxazole and argon.

NORMAL
OXAZOLE

-40%
DEUTERATED

-60%
- '" OEUTERATED
3042 2 A

Fig.2.2. Transient absorption spectra obtained in the flash
photolysis of normal and deuterated oxazoles

- 123 a HCN bending frequency or CN stretching frequency in the excited state.
However the absence of any appreciable deuterium shift on this frequency
suggests that it should correspond to the latter, i.e. CN stretching mode.
In our earlier report [7] we have considered the possibility of formation
of the triplet HCN based on the theoretical calculations of the height
of the triplet state which was 4. 45 QQ ; however an experimental value
from electron impact work, has been recently reported to be 6 eV CsQ .
The production of triplet HCN with such a high energy for its formation
does not appear to be possible during the photodissociation for which
the shortest wavelength available in our experiments is ^1900 A. The
second alternative of assigning the carrier to isometric HNC is now
considered in the light of the recent theoretical work of Rose 8 Bunker (l(Q
and Laidig 6 Schaeffer (jLlj ; the former dealt with the energy for the
isomerization of HCN and the latter with the X I - A A" transition
energy, the geometry and the vibrational frequencies of HNC in these
states. According to Ross and Bunker the HCN can isomerise to HNC with,
the excitation of the bending mode and the energy required for this
isomerization is 15000 cm while the height of the potential minimum
of HNC with respect to that of HCN is only 5000 cm"1. In the photodissociation of the compounds studied, it is possible for the HCN
fragment to get formed with an excess energy of this magnitude which
goes to excite the bending mode thereby transforming it to the isomeric
form. The theoretical work of Laidig and Schaffer predicted the
X z - A A" transition to occur at 47000 cm" , a linear for the
ground and a bent configuration for the excited state, a large increase
in the CN bond distance'and a consequent drop in the CN stretching
frequency in the excited state to nearly half its value in the ground
state. The occurence of a long progression involving the CN stretching
frequency with a value of 1005 cm~~ (compared to 2067 cm" in the
ground state) is in agreement with a large decrease in the CN bond
length on excitation. The observed transition however occurs at a
much lower energy (33000 cm" 1 ) compared to the predicted one (47000 cm" 1 ).
The change in the geometry of the molecule, from linear to bent, should

- 124 Table 2.1 : Band Head Data and Assignments

A air

8

Intensity
(Visual
estimates)

vac.

from 0-0 band

-1

Assignment

-1
cm

cm

3043.8

9

32844.1

0

3041.2

2

32872.2

28.1

2953.4

10

33849.4

1005.3

0-0
0-0+1005

2870.2

S

34830.6

1986.5

0-0+2x1005

2867.7

3
2

34860.9

2016.8

0-0+2017

34882.8

2038.7

0-0+

34937.7

2093.6

35839.4

2995,3

0-0+3x1005

2787.4

2
5
2

35865.1

3021.0

0-0+2017+1005

271R.2

4

36805.2

3961.1

0-0+4x1005

2711.2

i-t

'36873.1

4029.0

0-0+2017+2x1005

2665.9
2861.4
2789.4

2647.9

3

37754.5

4910.4

0-0+5x1005

2644.0

2

37810.2

4966.1

0-0+2017+3x1005

38680.6

5836.5

2584.5

*The high intensity of this band suggests that it should be assigned to
another system.
suggests that the emitter could be a metastable species of a stable
molecule. The occurenoe of only one extra band in 50% deuterated
thiazole showed that the carrier contains a single hydrogen atom.
Among the various dissociation products that are common to thiazole,
isoxazole and oxazole, it is found that metastable isometric HNC
would satisfactorily explain the experimental observations. The
infrared spectrum of the residue of flash photolysis of isoxazole
showed an intense band due to HCN at 713 cm"1. The excited state
fundamental vibrational frequency of 1005 cm~

can represent either

- 125 result in the occurence of a long progression involving the bending mode
which however is not observed.
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3.4.3

Two-Photon Dissociation of Sulfurdioxide*
(T.V. Venkitachalam)
This is an unique single laser experiment in which the photo-

dissociation of S0 2 using a YAG pumped dye laser in the region 285-312 nm
results in the formation and detection of S( P ) , S(T>_) and SO radicals.
These fragments are detected by using a two-photon laser induced fluorescence (LIF) technique at the same wavelength at which the parent molecule
SO- undergoes decomposition.
*Experimental work carried out at the Dept. of Chem., Columbia University,
New York.

- 126 The photolysis source is a linearly polarised light of a YAG
punped dye laser (pulse width 10 ns, band width 0,12 cm" ) which is
frequency doubled using a KDP crystal. To cover the wavelength region
570-625 nm, rhodamine 6G and Rh 6H0 dyes were used. Fluorescence was
observed in the perpendicular direction through a MgF- window using a
solar blind photo-multiplier. The signal was preamplified and sent to
the A-channel of the box-car integrator and output recorded on a strip
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Fig.5.1. Relevant energy levels of S atom.
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SO, is excited to the. F state by a sequential absorption of two
photons in the region 285-312 nm. S0 2 excited to the bending mode ^»
of the F state undergoes dissociation. The major channels are either
S+0_ or SO+0 fragments with various internal energy distributions.
The energy level diagram for the detection of S atoms is shown
in Fig. 3.1. By absorbing two u.v. photons at 308-311 nm, S atom in
the 33Pjfi.;.(3s2 3p^) is excited to the 43PJt (3s2 3p3 Up). From this
excited state it emits an infrared photon and decays to the S° state
which in turn emits a VUV photon at 180.7 nm and returns to ground state.
Similarly the S atom in the 3'D? state absorbs two UV photons at 288.19 nm
and is excited to fT", level from which it decays to the intermediate
state u° which relaxes to the ground state by emitting a VUV photon.
In our experiments these VUV photons are detected. Though the states
involved are symmetry forbidden for single photon transition, they are
allowed for two-photon transitions.
The radical SO was also detected by two-photon LIF. By absorbing
3 two-UV photons, SO radical in the ground •£ state is excited to the
3
Rydberg "JT state which decays to the ground state. The 0-0 and 1-0
bands at 147.6 nm and 145.0 nm were observed.
This experiment powerfully demostrates the utility of multiphoton spectroscopy.

By properly choosing frequencies

one can

selectively excite, the excited states of atoms. Also starting with
visible photons, it is possible to probe into the transitions in the
VUV region.
3.4.4 Reaction of Fluorine Atoms with Alkyl Iodides*
(T.V. Venkitachalam)
The three type of reactions that are possible when a fluorine
atom attacks methyl iodide, are,
•Experimental work done at the Dept. of Chemistry, Columbia University,
New York.

- 128 F+CH3I ~* 1 -*CH 3 +IF

D° = -10.3 Kcal/mol.

...

(1)

2-+CH 2 I+HF

D° = -36.5 Kcal/rool.

...

(2)

3 — > C H g F + I ' D° = -70.9 Kcal/mol.

...

(3)

Reaction (3) has been studied by us even though it proceeds much more
slowly compared to the first and second reactions.
A two-photon laser-induced fluorescence technique has been used
2
for
the detection of iodine atoms in either the 2P^.^i.!) or the excited
or th
^
state. In this method two photons are absorbed at 304.7 and
306.7 run by the I and I* atoms, respectively. The excited iodine atom
emits an infrared photon followed Ly a vacuum ultraviolet photon, which
is detected by a solar blind photomultiplier.
In our experiments SFR and an alkyliodide are mixed at equal
pressures and are made to flow through the reaction chaniber at a total
pressure of 0.2 Torr. A CO- laser pulse (0.5 us duration, 10.6 um,
0.S J/pulse) dissociated SF- to SF g and F. One microsecond later a
dye laser was fired.
Tests were made to show that iodine atoms were not the result
of photodissociation of the alkyl iodide by CO- laser or by two-photon
dissociation of the radical product of reaction (2) or of IF product
of reaction (1), by the dye laser.
Reaction (3) is an extemely exothermic reaction. It is therefore,
reasonable to assume'that some reduction in the potential energy takes
place•already in the entrance channel; in other words the fluorine atom
is attracted to the backside of the CH-I molecule just as it is to the
front. However, when sufficiently bulky groups are present, the fluorine
atom cannot approach closely enough to the carbon atom to feel its
attraction, and there, is a barrier at the entrance channel.

- 129

-

The reaction does not take place with an alkayliodide such as
tert-butyl iodide that is strongly hindered on its backside. Neither
does it take place with CFgl. On the other hand IF producing reaction
appears to take place with all alkyliodides.
Thus it can be concluded that reactive attack of the F atom
on the I atom side of the molecule always produces IF and does not
result in the displacement of I atom. Attach from the rear dislodges
an I atom only when the steric hindrance is not too great.
3.4.5 Reaction of Flourine Atoms with HI and I§
(T.V. Venkitachalam)
The triatomic reactions
X+HY

Hx+Y

...

XY+Y

• •"

(1)
(2>

where X and Y are halogen atoms have been studied from their exothermic
direction. The important aspect of studying elementary reactions of
such simplicity is to obtain information on the potential surfaces on
which the reaction takes place.
F+HI

HF+I,

H° = -64.7 kcal/mol.

This reaction has been studied by earlier workers who have observed
vibrationally excited HF upto v"=6. A two-photon laser induced
o

fluorescence method for the detection of I atoms in the P,,O(I) and
.
2
*
P.
P .jd*) states, has been used here. Even though the formation of
I* atoms is postulated from the exothermic!ty of the reaction, any I*
atom could not be detected as product of the above reaction with an
upper limit for I*/I ratio being 0.01. Similarly the reaction F+Ij IF+I
also did not yield any measurable I* atoms.
*Experimental work carried out at the Dept. of Chemistry, Columbia
University, New York,

- 130 In order to explain these experimental results, a simple
theoretical, electrostatic model is used. It is concluded that the
propensity to form I rather I* atoms is not general but depends on
specific properties of the potential surfaces.

Fig.5.1. Schematic diagram of lower potential energy
.surfaces of the F + HI — * HF+I reaction.
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In order to construct a diagram in which the initial electronic
states of the reactants are correlated with final electronic states
of the products one begins with a knowledge of the relative energy
levels of the infinitely separated reactants and products. At large
separations R, where the wavefunctions of the halogen atoms and
reactant or product molecule do not strongly overlap, an electrostatic
approximation can be used. The fluoride atom with an np configuration
is treated as a one electron (hole) system. This one electron is
acted upon by a strong spin-orbit potential and a wave potential due
to the approaching molecule. The latter potential can be expanded
in spherical harmonics and because we have a p-electron only the 1=0
and 1=2 parts of the potential contribute non vanishing matrix elements.
On this basis the behaviour of the potential surfaces near the
limits of isolated products and reactants are calculated. The energy
surfaces plotted schematically is shown in Fig. 5.1.
Because the state dissociating to F*+HI labelled 2 A, is
less repulsive initially, it must cross the more strongly repulsive
1 A" state at two places as shown. The absence of I* in all reactions
F+RI RF+I may be due either to the height of the barrier in the
9
2
1
2 A surface or to highly efficient crossing from the 2 A f to the
1 A " state. Here, principal experimental result is that the
propensity rule forbidding the generation of I* is valid for the
reactions of HI and !„ with F atoms.
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Infrared and Raman Spectra

3.5.1 High Resolution Fourier Transform Spectral Studies of 1>fNH3 and
( Romola D'Cunha )
Ammonia ranks as one of the most widely studied among polyatomic
molecules since the early days of infrared spectroscopy. In recent
years there has been renewed interest in the study of this molecule,
since it is found to be an efficient medium for down conversion of
CO, laser radiation, and laser emission has been reported in ammonia
in the 5-35 urn region. It is also a minor constituent of the Jovian
atmosphere, and has been detected in interstellar space. Assignments
of its vibration rotation transitions as well as intensity measurements
are therefore required to correctly interpret planetary spectra and for
understanding laser excitation of vibration-rotation molecular states
and other related studiss.
A detailed study of the spectra of 1(tNHo and 1 5 NH. has been
carried out in the region 500-5000 cm" . Fourier transform spectra**
were recorded with path lengths of upto 192 m, using a multiple
reflection cell of baselength.6 m, and pressures ranging from 0.1 - 1
Torr. The resolution is expected to be better than 0.005 cm" 1 with
-u
-1
an accuracy of 10 on or better.
The \>2, 2 V 2 , *0 4 , ^ 2 + % and 3 ^ 2 vibrational energy levels
of ammonia form a complicated system of interacting levels. Correct
interpretation of the frequencies and intensities of transitions
involving these energy levels requires a simultaneous analysis of
this system of levels to be carried out.
•Experimental part of the work reported in 3.5,1, 3.5.2, 3.5.3 and 3.5.1*
was carried out at the Ohio State University, Columbus, Ohio, U.S.A. in
in collaboration with S. Urban and K. Narahari Rao.
**Fourier Transform Spectra were recorded at the Kitt Peak National
Observatory, Tuscan, Arizona, U.S.A. for the above work.

NH*.

- 133 The wide spectral coverage of the Fourier spectra enabled us to
assign the various fundamental overtone and combination bands which
include the V , 2 V , 3>> , " ^ 2 + ^ 4 and *^u.levels* Assignments of bands
made in one region could be confirmed by looking for the corresponding
hot band transitions in an entirely different region. The assignment
of the 2S>2 band transitions which are quite weak was facilitated because
of the large path-length that was used in recording the data.
Simultaneous analysis of the data is being carried out using a
theoretical model which includes Coriolis, 1-type and other higher
order vibration rotation interactions.
;

.5.2 Forbidden Transitions in the -^ Band and Energy Levels of Anroonia
( F.oroola D'Cunha )

Precise determination of the ground state energy levels of ammonia
is important for several theoretical and experimental investigations.
However, the vibration rotation transitions obeying the usual selection
rules ( A(k-l)=0) for this typical symmetric top molecule, do not
permit the complete determination of its energy levels. Perturbationallowed transitions which violate these selection rules are therefore
extremely important since they provide the missing information on the
spacing between rotational energy levels with different quantum nuntoers
K. Such information is necessary for determining the absolute values
of the rotational energy levels as well as the rotational constants and
purely K-dependent centrifugal distortion constnats. Forbidden transitions
arise due to the mixing of the rotation - vibration energy levels caused
by higher order off-diagonal terms in the vibration - rotation Hamiltonian.
More than 750 Ak = ± 2 forbidden transitions have been assigned
in the Fourier transform spectra of NH, and NH_, obtained with- pathlengths of 192 m. Ground state combination differences were evaluated
using allowed and forbidden transitions terminating in a common upper
level. These data were simultaneously processed along with other
precise data pertaining to tie ground and V_ states to obtain accurate

- 134 molecular parameters for NH, and NHg. Precise values of the energy
levels calculated from these parameters should be useful, for the
evaluation of partition functions, equilibrium population of energy
levels and identification of new transitions.
3.5.3

A k = +3 Forbidden Transitions in the S>2 Band^ of
( Romola D'Cunha)

^^

Forbidden transitions to the ^ levels of ammonia become allowed
due to the mixing of the vibration rotation wavefunctions caused by
centrifugal distortion effects. Although the first forbidden transitions
in NH, was reported in 1976 til, all attempts to locate similar
1 r

transitions in NH, had not been successful. The intensity of the
A k = - 3 forbidden transitions is strongly dependent on the separation
of the energy levels, since the corresponding matrix elements are very
small. In ammonia since the (C-B) value is large (—3.7 cm" ) the
energy levels with different k values are widely separatedt.
and therefore the probability of observing forbidden transitions is
small. The inversion splitting in the "d* state compensates for the
large separation between the rotational levels causing accidental
coincidences. The forbidden transitions reported so far in NH 3
correspond to such accidental resonances. The separation between
the corresponding energy levels in NH, however, is much larger and
therefore the intensity of similar transitions is expected to be
much smaller.
The assignment of these weak forbidden transitions in the present
studies was made on the basis of the analysis of forbidden transitions
in the SL band which provided us with the necessary information on the
k spacing of the energy levels. Subsequently using long-path Fourier
transform spectra more than 60 forbidden transitions were assigned
pertaining to levels with low k values ( k=0-3). These transitions
provide accurate information on the (C-B) constant and the spacing
of the ground state'energy levels with low k values.

- 135 = i3 transitions to the symmetric 2 U,. level from the antisymmetric ground state level were also assigned. The intensity of these
transitions arises mainly from the Coriolis resonance between the antisymmetric t> levels and the synmetric 2T>2 levels.
The A k = ±3 perturbation allowed transitions in armonia are
expected to be important in relaxation studies of interstellar ammonia.
REFERENCE
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3.5.4 High J Transitions in the V „ Bands of
( Romola D'Cunha)

NH- and ' IftL

Although amnonia is one of the most widely studied among polyatomic molecules, most of the published data on it, are limited to
transitions between states with relatively low rotational quantum
numbers. The large value of its rotational constant B causes a rapid
decline in the equilibrium population of levels with higher rotational
excitation, and the spatial degeneracy is not sufficient to compensate
•for the decrease in the Boitzmann factor. The most straightforward
way to observe these weak transitions is to increase the absorption
pathlength.
Fourier transform spectra of NH 3 and NH 3 were recorded
with an optical pathlength of 192 m, using a white-type multiple
reflection absorption cell. Line assignments were carried out
using calculated wavenumbers obtained on the basis of transitions
with lower rotational quantum numbers and the calculations were
extended step by step to higher J values. The calculated line intensities
were found to be very useful in the process of identification of transitions.
In ttse theoretical model used to fit the data, Ak =3 off-diagonal
interactions as well as contributions to diagonal matrix elements for

- 116 states with k = 3 and k = 6 were considered. The higher J transitions
assigned in the present studies represent nearly a hundred percent
extension of the hitherto existing data sets on the i)- bands of
ammonia and provide information on the energy levels with higher
values of the rotational quantum numbers J.
3.5.5 IR Diode Laser Absorption Studies of Hydrodynamically Cooled SF.
(P.N. Bajaj*, R. Talukdar*, V.B. Kartha and P.K. Chakraborti*)
Supersonic molecular free jets and beams are used for investigating a number of aspects of chemical physics related to LIS, cluster
formation, kinetics of energy transfer and roles of different forms of
energies in chemical dynamics. For such studies it will be desirable
to know, as precisely as possible, the vibrational, rotational and
translational temperatures of the beam molecules. In this paper we
shall report the experimental determination of rotational temperature
(T .> from high resolution IR-semiconductor diode laser absorption
studies and the estimation of corresponding vibrational temperature (T .. )
from a knowledge of the measured T . and T. (translational temperature),
determined from irime-of-flight studies.
The experimental set up and the methodology adopted for the
rotational temperature measurement have been described in an earlier
publication 111 . The continuous flow supersonic jet from a nozzle
(D = 75 \m) was probed by a focussed laser beam from a Laser Analytic
Model LS-3 diode laser spectrometer. The probing location was fixed
at 11 mm downstream from the nozzle exit. The spectral region chosen
for this study is the Q-branch of the „ band of SF,,, the characteristic
o

b

feature of which is a series of sharp bandheads arising from the octahedral splitting of i.he rotational levels. The relative intensities
of these band heads, being sensitive to rotational temperature of the
molecules, have been used for the determination of rotational temperature
in the jet fl] . Typical experimental and simulated band contours
corresponding to T . = 35 K are shown in Fig. 5.1.
*MDRS Section
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For time-of-flight (TOF) studies, the jet was skinned at the
desired location by a conical skinnier (0.5 mm dia) to generate a well
defined molecular beam which was chopped by a tOO Hz pulse type tuning
fork chopper. TOF spectra were detected by a BA gauge detector located
55 cm away from the chopper and recorded photographically from an
oscilloscope. The transitional temperatures determined for different
stagnation pressures of SF- are shown in Fig. 5.2,
The vibrational temperature of supersonic beam can be estimated
from the energy balance equation :

HkT

f° Cv(vib) dT = -fkT,, + kTx + ^rTQt

+ |$ v i b C v (vib) dT +

where T Q is the stagnation temperature. T,, and T A are parallel and

- 138 perpendicular translational temperatures respectively. Cv<vib) is the
vibrational contribution to specific heat at constant volume and v is
the flow velocity of the beam. Since skimmer is far away from the
nozzle, Tj, = 0. Also $ T,, = T. . The flow velocity v was determined
from the TOF studies. The vibrational temperatures estimated by this
method are shown in Fig. S.2.
Fig. 5.2. shows that initially, the measured rotational temperature
of SF.
decreases
with increasing stagnation pressure (p O ) , but reaches a
b
saturation value of 35K at P = *t00 torr, T. also shows similar behaviour. This may be due to continuously increasing vibrational relaxation
with pressure.
REFERENCE
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3.5.6 Diode Laser Spectrum of NH^D
(S.B. Kartha, K.B. Thakur*, V.A. Job and V.B. Kartha)
The high resolution infrared spectrum of the i^ band of NH-D
has been recorded in the 866-930 cm~ region with a semiconductor diode
laser spectrometer. Unlike NH_ molecule, where transitions between the
symmetric and antisymmetric inversion components alone are allowed, in
NHjD s—>s and a—*a type transitions also become allowed by virtue
of the lower symmetry. While the s~*a transitions are of type C, the
s—»s and a—*a transitions are of type A, and comparatively lower in
intensity as the change in dipole moment is predominantly in the direction
of the c - axis.
The asymnetric rotor least squares program was modified to
handle the four levels involved in the ^>u band simultaneously.
Provision was also made to include centrifugal distortion constants
upto fifth order. The program was tested with the microwave data on
the a - * s , s—»a, s—*s and a—>a transitions in the v = 0 level
* MDRS Section

- 139 of NH-D. The microwave data were fitted with a standard deviation of
2 x 10

cm" . The derived constants were somewhat different from the

reported values but this is understadable as the constants will depend
on the representation used. Tha program is now being used for the
analysis of the "^ band.
3.5.7

Isotopic Analysis by High Resolution Diode Laser Spectroscopv
(V.B. Kartha, Rose Mary Francis, K.B. Thakur*, C.S. Somanathan**
and V.A. Job)
Tunable diode lasers have several advantages for trace analysis,

over"conventional infrared spectrometers. The high resolution of the
laser eliminates errors due to interference from overlapping absorption
lines. It is possible to work with very long optical path, and even
with samples having very high background absorption. We have developed
several methods for isotopic and trace analysis by diode laser spectroscopic techniques.
The V~ band of HDO was used for analysis of deuterium in water
in the natural concentration range. In Fig. 7.1 is shown the HDO line
at 1266.7779 cm" , which was used for standarisation of the method. A
typical calibration curve is shown in Fig, 7.2.

<T os to is ?6~
CONCNX

Fig, 7.1

HDO Line at 1266.7779cm -1
Natural water

*MDRS Section, **Nuclear Physics Division

Fig. 7.2

Calibration curve for
HDO

- 140 Similar calibration was done for determination of concentration
of CDF, in Fluoroform in the natural concentration range. Figs. 7.3
and 7.4 show the spectra and calibration curve. The method has been
used to measure CO^-laser induced isotopically selective dissociation
of CDF 3 in CHF 3<
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Fig.7.3.CDF3 line at 971.6059 cm -1

Fig,7.A

Calibration curve
for CF 3 D

3.5.8 Laser Fluorescence.•Resonance Raman, Infrared Spectra
and Vibrational Analysis of Metalloporphins
( Y.A. Sarma )
Porphyrins are biologically very important molecules. Recently,
a derivative of hamatoporphyrin was used as a photosensitizer of malignant
tissues in cancer treatment, known as photoradiation therapy.
It is essential, therefore, to understand the vibrational spectra
of these molecules in order to appreciate fully the information contained
in the resonance Raman and infrared spectra of these important biological
systems'. Also, porphyrins are ideal class of molecules to study the
resonance Raman scattering phenomenon.
To begin with, the study of the laser fluorescence, resonance

- 141 Raman, infrared spectra and vibrational analysis of metalloporphins is
taken up with the intention of extending these studies to the other
porphyrin systems, later. The group theoretical analysis of metalloporphins under D^, point group of symmetry yields 9 A I H + 8 A 2 2 + 9 B 1 E + ^ B 2 E + : 1 8 E U
in-plane vibrations and 3 A i u + 6 A 2 U + 5 B i u + l + B 2u + 8 E f' out-of-plane vibrations.
The vibrations of E and A« are infrared active while vibrations
A. , B. , B_ and E are active in conventional Raman scattering. The
vibrations of symmetry A, , A, , B. and B« are resonance Raman active.
Thus it is clear that the resonance Raman and infrared data can give
information about all the in plane vibrations of metalloporphin and
the present calculations deal only with these in plane vibrations,
Metalloporphin is a relatively large molecule aid the separation
of the vibrations reduces the magnitude of the problem somewhat, but
still 120 internal coordinates are needed to describe the in-plane
vibrations that one being considered here. Using these internal coordinates, 120 symmetry coordinates have been set up, of which t9 are redundant
coordinates. It was possible to eliminate 2M- of these redundant coordinates
explicitly, and the other 25 r-edundant coordinates yield zero frequencies
during the diagonalisation of the F and G matrices. The kinetic energy
matrix of metalloporphin was set up, which split into 1 ^ + 1 0 ^ + 1 2 8 - +
i
i
i
12B- +2UE vibrations
which include
the 25 redundant coordinates mentioned
above. Setting up of the Urey-Bradeley force field is in progress.
Obtaining the laser fluorescence, resonance Raman and infrared spectra
of these molecules is being taken up soon.
3.5.9 Diode Laser Spectrum of s-Tetrazine
(K.B. Thakur*, V.A. Job and V.B. Kartha)
The high resolution infrared spectrum of the 882 cm and 1103 cm"
bands of s-Tetrazine has been recorded with a semiconductor diode laser
spectrometer. Approximately 2700 transitions in the 882 cm" band and
800 transitions in the 1103 cm" band have been assigned and the mole*MDRS Section

-142 cular parameters were derived by an assynmetric top least square fit
incorporating upto sextic distortion terms. The results of the separate
fits were merged to derive a set,of constants which reproduced all the
observed lines with a standard deviation of 6 x It)"1* cm"1. Portions
of the observed spectra along with the computer simulated ones are
shown in Figs. 9.1 and 9.2, and it can be seen that the agreement

(a)
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Fig.. 9.1
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(a) observed and (b) computer

simulated spectra in the Q branch

between the two are excellent. Both the bands were found to be of type A,
thus confirming the assignment of the 1103 cm'1 band to "&.,., but
necessitating a revision of the assignment of the 882 an" 1 band from
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Fig. 9.2 s-Tetrazine 1>15 band observed (top) and computer simulated
spectra in the P branch region

3.5.10 Analysis of Ro-vibrational Spectra of l2CFjl and

13

CF 3 I

(P.K. Wahi, V.A. Job and V.B. Kartha)
High resolution infrared spectra of the V..-mode (1110-1200 an" )
12
13
of CF,I and
CF-I has been recorded using laser. Analysis LS-3
-3-1
Duode Laser Spectrometer at a resolution better than 10
cm .
Natural CF3I containing 98.9% 12 CF 3 I and 1.1% 13 CF 3 I was
used and an absorption path length of U.5 jieters employed. The
sample was cooled to 163 ±10K to reduce the intensity of hot bands.
We have assigned about 1200 lines in the P and R branch regions for
each isotopic species. The lines were fitted by the least squares
fit method with a standard deviation.

7 x 10" 4 qn"1. The derived

constants are given in Table 1(U. In this table, the first column
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F3I
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1
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Band of
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i
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II - 7 .1440(29)
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| -7.1472(29)

I -7 .3218(77)

1 -7 .3230(77)

!l
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I
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8

I -5.7670(91)
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|
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|

-2 .34(48)

2.74(4)

|

-2 .16(45)
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|

1.27(7)

|

7.35

|
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1
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!
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I

D'W
D||XIO" 8

1

-2 62(36)
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2

11(3)
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1
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55(10)
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I

1

1

7

|

4. 10(8)

njxio"

I Std.dev.(£it)x10'4|

7. 48

|
|
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1130

I No. lines fitted I
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a
*

7. 45

II
II
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|
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|

All parameters are in CM" . The standard deviations given in parentheses
ate in units ot the last digit quoted.
denotes constrained constants.

- 145 for each isotopic molecule gives the derived rotational constants, when
T
K
n and n were excluded. Their inclusion improves the fit only marginally as seen from the standard deviation of fit given in the Table 10.1.
Fig. 10.1 shows the simulated spectra and observed spectra in
the P region of CF.I. The study has revealed that the psuedo parallel character of the band is due to the very small value of the
coefficient of K. i.e. A 4 (l- c^) -B^ complete results of this study
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Laser Spectroscopy

3.6.1 Hyperfine Structure of the Rotational Lines of Iodine
(M.N. Dixit, J.B. Mistry*and M.A.N. Razvi)
An intracavity absorption cell containing I-129 was used with a
HeNe gain tube in a specially designed inner resonator to study the
sub-doppler spectra of the iodine molecule. Without the absorption
cell the HeNe laser gave a single mode output which when tuned across
the. gain curve exhibited a "Lamb-Dip". This Lamb-dip was found to be
highly dependent on plasma current and cavity alignment. With the I»
cell the scanned laser output clearly showed the inverse lamb-dip
peaks superimposed on the laser doppler profile. (Fig. 1.1). These
peaks represent the hyperfine structure of the rotational lines of
•the Iodine molecule and the resolution of the experiment is high
enough to show their sub-doppler features.

Fig.1.1 Inverse Lamb dip peaks observed with I_
•Research Scholar from St. Xavier's College, Bombay.

- U7 The cavity scan was achieved with a piezoelectric transducer
mounted with one of the laser mirrors,, The scan frequency was 100 Hz.
The iodine cell was cooled fco 0 C using a Peltier Cooler.
One of the above inverse Lamb-dip peaks will be used to
stabilize the frequency of the He-Ne laser. .An electronic servo
loop is being used to achieve this. Work on the frequency stabilization is currently going on.
3.6.2 Laser Fluorescence Spectrum cf Copper Hali.de Molecules
(M.N. Dixit, G.L. Bhale, A.S.P. Rao and P.M.R. Rao)
A programme on the study of Laser induced fluorescence spectra
of copper halide molecules has been initiated. Such studies facilitate
the accurate determination of molecular constants.
High temperature furnace
All the copper halides have to be heated to about 800°C. to
get adequate vapour pressure of the monomer. Hence the first step
in the experiment was to design and fabricate a high temperature
furnace. It was also essential to provide good temperature shielding
and provide minimum temperature gradient so as to avoid deposition
of copper halide film on the windows of the fluorescence cell. It
was achieved by enclosing a split furnace in a thermally.shielding
material and plugging either ends of the furnace aith a ceramic block
with a centered aperture of about 15 mm. for the laser radiation to
pass through. A side quartz window was provided for viewing the fluorescence. The fluorescence cell was then clamped at the center of
the furnace.
Fluorescence cell
The fluorescence cell was about 10 mm in diameter and about
5 cm. in length with sealed in windows at both the ends. It has a
side tube containing a few mgs. of copper halide. The cell was

- 148 thoroughly evacuated, degassed and sealed off.
Observation
A weak fluorescence spectrum of copper iodine molecule was observed
using the above mentioned fluorescence cell and the furnace with 4880 8
line of Ar laser as exciting line. Further experiments on'improving
the intensity of fluorescence are in progress.
3,6.3 Low Noise He-Nei.Laser Plasma Tubes
(M.N. Dixit, J.B. Mistry*and P.K.K. Unni)
In a d.c. excited He-Ne laser tube noises due to discharge currents,
oscillation noise - etc. affect the quality of the output of such lasers.
In an effort to suppress these noises and with a view to build a low
noise He-Ne laser working at 6328 R, a plasma tube has been designed
and fabricated by us.
Initial experiments were done with .non-lasing discharge tubes with
He-Ne gas fill. One was a segmented tube and the other a conventional
tube. The light output was observed with a photodetector, from the
sides and the ends of the tube. The output from the specially designed
discharge tube was found to be less noisy than that from the conventional
tube.
As a result of these studies, two laser tubes were fabricated
and mounted on a single channel. One of these, was a plain standard
plasma tube with straight capillary and side-arm cathode. The other
was a segmented tube of 2.5 mm bore pyrex glass 70 cm long with five
small bulbs of about 15 mm O.D, provided at regular intervals along
the length of the plasma tube. It has a co-axial Aluminium cathode
and a tungsten anode. The schematic drawing of the tube is given in
Fig. 3.1. Both these tubes were fixed in identical laser cavities of
85 cms. The tubes were evacuated and various He-Ne gas mixture were
filled to study their output behaviour under lasing and non-lasing
"Research Scholar from St. Xavier's College, Bombay.
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-70 Cm*

Fig. 3.1

Low noise laser Cube

conditions. The light output will be measured on a spectrum analyzer to
record the frequencies and amplitudes of the corresponding discharge
"noise" and the results from the two tubes sve to be compared.
3.6.4

The Wave Meter
(M.N. Dixit, A.S.P. Rao and M.A.N. Razvi)
This device is used for measuring the wavelengths of CW lasers.

Basically it is a scanning type of Michelson interferometer. Two corner
cube tetroreflectors are mounted on a platform which moves back and
forth on a bar. This device requires a reference laser of known wavelengths for measuring the unknown laser wavelengths. The reference
laser beam and unknown laser beams trace almost the parallel paths
and the interference patterns formed are detected by two independent
photodetectors. The ray diagram is shown in the Fig. 4.1. The
interference patterns are scanned across the detectors by the loving
trolley. The two signals are amplified and digitized. The .unknown
and reference laser signals are counted and compared by a frequency
counting system. The known wavelength is set at the frequency counter
and it then directly displays the wavelength of the unknown laser. The
moving trolley, platform and optical component mounts were fabricated
in our workshop and assembled. Testing the performance of the
wavemeter is under progress.
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3.6.5 Some Theoretical Studies in Optical Double Resonance
(R. D'Souza, S.V. Lawande*, R.R. Puri*, Q.V. Lawande+)
The spectrum of the fluorescent radiation from a three-level
atom undergoing stepwise transitions (optical double resonance)
between the levels, exhibits many interesting features depending en
the detuning from the atomic transition frequencies and the strengths
of the two driving fields. When the atom is driven on resonance by
strong fields than the spectrum of the radiation emitted by the upper
as well as the lower excited levels, is a Stark quintuplets while at
off resonance the spectrum exhibits as many as seven peaks D J • If
the lower transition is driven by a strong field whereas the upper
transition is probed by a weak field, the optical double resonance
•Theoretical Physics Division, BARC
+RASD, BARC
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line splits into a doublet, known as the Autler-Townes doublet.
In most of the theoretical work the effects due to finite bandwidths of the excitation fields as well as the multi-atom effects were
not considered. The bandwidth may arise due to phase and/or anplitude
flutuations in the fields. Recently, the effects of excitation" bandwidths due to phase flutuations on the Autler-Townes doublet have been
studied by Agarwal and Narayana C23 • On the other hand the exact
numerical results for the fluorescent spectra in presence of laser
phase fluctuations have been reported by D'Souza et al D3 . The
multi-atom effects have been studied by Agarwal and Anantha Lakshmi pfl
We have row obtained analytical results of the fluorescent
spectra in the highfield limit taking into account finite bandwidth
effects arising from both phase and amplitude flutuations in the
excitation fields. The general result of these analysis is that
in the absence of fluctuations the spectra are symmetric and show
a Lorentzian peak at the excitation frequency and two pairs of side
bands. If. phase fluctuations are included, the effect is to suppress
the central peak as well as the remote side bands. As the bandwidths
are increased the Stark quintuplets reduce to Stark doublets D l .
The amplitude fluctuations have no effect on the central Lorentzian
but effect only the sidebands.
We have also studied the co-operative effects in optical double
resonance by considering the exact numerical results on the optical
double resonance fluorescence spectra and Autler-Townes doublet between
one and two atoms. One obtains apart from the usual Autler-Townes
doublet,a dip in the population curve for two atoms which is not found
for a single atom. A bump at higher frequency (not present for a
single atom) in fluorescent spectra is a further evidance of the
co-operative effect.
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3.6.6 Fabrication of Laser Magnetic Resonance Spectrometer
( G. Lakshrninarayana)
The Laser Magnetic Resonance (LMR) Spectrometer consists mainly
of the following components : (a) laser, (b) electromagnet, and
(c) detection system.
Electromagnet : The strength of the magnetic field required,
depends on how close is the frequency of transition being investigated
to that of the laser line because the transition is Zeeman shifted into
resonance with the laser line. It is usually in the range of 100-1000 W3.
The field should be highly stabilised and capable of continuous variation.
Further, it should be sufficiently homogeneous over the interaction region.
The varian electromagnet available in the division meets all these requirements. The magnetic field has been calibrated with 6" flat pole pieces
separated by 1" gap. The homogeneity of the field has been investigated
with the help of a NMR Gaussmeter and found that the field variation is
2
within a Gauss over 5 cm area at the center of the pieces. The homogeneity of the field, however, deteriorates as one moves towards the
edges of the pole pieces. The field has been calibrated by varying
the magnet current upto 1 A which corresponds to a field strength of 12 kG.
We have also undertaken the fabrication of NMR Guassmeter. The
variable radiofrequency oscillator (upto a frequency of 50 MHz)
necessary for the Gaussmeter has been fabricated. The remaining work
on this, is continuing.
The vacuum system necessary for the fabrication of sealed type
of CO. laser has been assembled. It incorporates facilities to mix gases
such as C0 2 , N-, hL and He which are used as a laser medium.

- 153 3.6.7 Constant -Energy-Difference Sequential Two-Photon Photo Excitation
of Excited States for their easy Identification
(S.D. Sharma, G.D. Saksena, and A,K. Ray*)
Introduction
Intermodulated fluorescence D-1 > optical-optical double resonance
polarization labeling G33 > etc. have been employed to achieve simplification of spectra and also an aid to assignments. The sequential
two-photon excitation Dtl and the combination of powerful two-photon
techniques with polarization spectroscopy G>3 have proved to be extremely
useful in simplifying and assigning complicated spectra.
We have adopted the constant-energy-difference sequential twophoton photoexcitation method to populate individual ro-vibrational
levels of the electronic state of the same parity as the ground state.
This technique of populating a single ro-vibrational excited state is
highly selective and promises to unravel considerably the complexities
of molecular spectra. Moreover information about the quantum numbers
of the upper state and thus its spectroscopic pro-parties are easily
obtained.
Experimental Details
The experimental arrangement is shown in Fig. 7.1. It involves
the use of two laser beams which differ in energy by a constant amount.
One of the beams is derived from a Nd-YAG pumped tunable dye laser and
the other from the summed output of the fundamental IR of the Hd-YAS
laser, and the dye laser (or the second harmonic of the dys laser itself).
These two beams are sent from opposite directions into a cell containing
the gas vapour under study. The resulting fluorescence from one photon
as well as two photon absorption is focussed on to the entrance slit of
a monochronator. The fluorescence signal is detected by a photomultiplier
tube placed at the exit slit of tlie monochromator. Interference from the
exciting radiation is avoided both in the visible region for one-photon
excitation and the UV region for two-photon excitation, by setting the
*MDRS Section
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Fig. 7.1 Experimental arrangement for two photon photo excitation
of the excited state

nenochromator deep in the Stokes side for each case. The monochromator
settings cut off the unwanted background but a good part of fluorescence
signal is collected by keeping both the slits wide open. The signal is
processed in a boxcar averager triggered externally from an output of
the laser syotem. Good signal to noise ratio is obtained with a 15 ns
gate duration and 10 us time cons-*, x setting for the integrator. The
final processed signal is displayed on a chart recorder. The dye laser
is scanned by a stepper motor cc rol system. The servo system in the
Wavelength Extender follows the dye scan for maximum UV output. To
reduce the band width cf tL.3 two laser beams for high resolution work,

- 155 intracavity etalons are inserted in the Nd-YAG laser and the dye laser
cavities. High resolution scans of the dye laser over a small range is
achieved by changing the gas pressure in the dye laser cavity. When a
particular one-photon or two-photon transition has been excited, the
resulting fluorescence can be analyzed by reducing the widths of both
the slits of the monochromator and scanning it over the region of
interest. In order to find out the accurate wavenumber of the transitions
involved, the X-B high resolution spectra is compared and identified
with the Iodine Atlas DQ . The two-photon wavenumber measurements
are made by superimposing the high resolution two-photon scan on the
corresponding one-photon region and adding the appropriate known energy
difference to the one photon energy.
Spectral Simplification
When the absorption of the first.photon takes the system to a
particular vibrational rotational level of the intermediate excited
electronic state, the second photon then can only be absorbed if the
energy difference between the final and the intermediate level is equal'
to the energy of the second photon and also the appropriate selection
rules are obeyed. This limits the probability of the two-photon
absorption considerably, but if the density of states is large, many
transitions can still be observed when the two laser beams are
simultaneously scanned in frequency. To illustrate the method, twophoton excitation of the E TIO* state of molecular iodine has been
successfully tried. Very large number of one-photon ro-vibrational
transitions (10 to 20 per cm"1) from the X 1 ^ * - B'Vo^ state are
observed in the visible region. Thus more than one transitions may
be excited within the band width of the laser, but because of the
constraints in the allowed two-photon transitions in the present experiment,there are no more than one or two transitions in every 10 to IS cm
coverage of the visible region. This is illustrated in Fig. 7.2 where a
high resolution Fourier Transform scan of X-B absorption over some t»8 cm
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l
Fig. 7,2

a) High resolution b) low resolution
c) sequential two photon excitation of the E state of I.

is shown along with the low resolution one-photon and also two-photon
excitation spectrum over the same region.
Assignment of Transitions
Reduction in the number of transitions itself is an aid to the
assignment of two-photon transitions. We have been able to assign many
of the observed two-photon lines of I* without any ambiguity. From the
excellent Dunham parameters of X-B states of !„ given by Luc £fl , one

- 157 can calculate and identify the one-photon transitions in the visible
region. Because of the constant energy relationship between the visible
and UV photons, the energy of the two-photon transitions is thus quite
accurately known. If the assignments of the corresponding one-photon
transitions can be made the J value of the two-photon transitions has
to be J or J ±2 for Q, R and P branch transitions respectively. Having
some idea about T , w and w x of the upper state, the v numbering can
also be guessed and the assignment completed. In this case, we used the
molecular parameters of the E state given by Brand et al [8] and
calculated the Br-E spectrum. Removing the IR photon energy from each
B-E transition the two-photon allowed transitions can be those which
satisfy the J selection rule and have the same frequency as the visible
transition. It is thus easy to look for this criterion in each v
manifold and arrive at the correct assignment. This is shown in
Table 7.1 for P, Q, and R branch transitions illustrated in Fig. 7.2.
Table 7.1 : Assignment of some X-B-E two-photon Transitions
v v = 1 , v H = 22, v_ = 42
P Transitions

VB
1

2*

J

R

B" J E
3

J

4*

Transitions

X~JB

X-B

S

6*

\JVV R
7

8*

96-95 17,736.38 95-94 17,733.99
97-96 17,733.92 96T95 17,732.61

101-102 17 ,733. 79 102-103 17,731.31
102-103 17 ,731. 29 103-104 17,729.91

98-97 17,731.42 97-96

17,731.22

103-104 17 ,728. 76 104-105 17,728.49

99-98 17,728.91 98-97 17,729.82
100-99 17,726.36 99-98 17,728.40

104-105 17 ,726. 21 105-106 17,727,07
105-106 17 ,723. 61 106-107 17,725.63

* in cm" 1

- 158 Table 7.1 (Contd.)

1

2
Q

3

5

4'

6

7

8

Q - Transitions

- Transitions

•" 108-109 17,715.76

90-89 17,750.66

89-90 17 ,748.30

91-90 17,748.34

90-91 17 ,747.07

109-108 17,713.51
17
109-110
,713.08 110-109 17,711.94

92-91 17,746.00

91-92 17,745.83

110-111 17,710.38 111-110 17,710.37

93-92 17,743.62

92-93 17 ,744.58

111-112 17,707.67 112-111 17,708.78

94-93 17,741.24

93-94 17,743.31

112-113 17 ,704.95

-ew 1 -

17,729

17,730

Fig. 7.3. High resolution spectrum
(a) for X-*B excitation of Iodine
(b) two photon excitation to the E state

113-112

17,732

17,707.18

- 159 A high resolution scan of one and two-photon transitions over a snail
region confirms the assignments in conjunction with Table 7.1. This
high resolution scan is shown in Fig. 7.3.
Conclusion
The oonstant-energy-difference two-photon photoexcitation technique
appears to be very useful in reducing the complexity of dense spectra and
make unambiguous assignments. The method has also its usual advantage of
exciting electronic states of the same parity, reduction of Doppler line
width and picking out single ro-vibronic levels of the excited state for
detailed study.
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3.6.8 Assignment of ro-vibrational Levels of E TTOg ion-pair State
of Iodine in the V £ = 27 to V^ = 39 Range
tS.D. Sharma, A.K. Ray* and G.D. Saksena)
The E-B band system of molecular iodine has recently been studied
In some detail by resonant two-photon absorption C Q and* polarization
'fORS Section
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spectroscopy C?3 • The reported data cover the transitions upto V_ = 96,
but there are no measurements available in the range 27^ V £ S 39. The
present experiments have tried to bridge this gap.
The experimental arrangement uses tunable two-photon radiation
from the Quanta-Ray DCR-2A (20) Nd-YAG laser, the PDL-1 dye laser and
WEX-1 wavelength extender. The second harmonic output of the NdrYAG
laser at 532 nm pumps the tunable dye laser whereas the unconverted fundamental at 1064 nm is mixed with the dye laser output in WEX to produce
the uv output. In the present case the visible output from 5t5 to 580 run
and the near uv output from 360 to 375 nm is obtained. The visible and
uv radiation are passed from opposite directions along the axis of a sealed
pyrex cell containing iodine vapour at room temperature. The excited
fluorescence is focussed on the slit of Monospex 1000 monochromator and
the signal is detected by a photomultiplier tube placed at its exit
slit.. The signal is processed in a 165/182 BG&G Boxcar averager and
displayed on a chart recorder. The dye laser is scanned with a stepper
motor control system for low resolution work and with a pressure
scanning arrangement (after inserting an etalon in the dye cavity)
for high resolution work. The visible one photon induced transitions
from X 12" + to B 377 0 or the uv second-photon induced transitions from
+ g a + g
3
B TTO to E TTO could be recorded by carefully positioning the monochromater grating near the region of interest and keeping its slits
wide open while dye laser is being scanned. To find the accurate wave
mnfoer of the transitions involved, the X-B high resolution spectra is
compared with the Iodine Atlas [33 . Because of the known relationship
between the visible and uv photon energy, this also gives the wavenumber
of the uv photon involved.
The visible spectral assignments can be made by calculating the
line positions from the accurately known X and B state coefficients D O •
The lower state v numbering is verified by scanning the monochromator
in the antistokes region of the visible excitation. Similarly the v
numbering of the B-state involved in the two-photon excitation can also
similarly be verified by scanning the monochromator in the antistokes

- 161 region of the uv excitation. The verification for v R = 22 of X(l,98)
X(l,98) B(22,97) 2(1+2,96) transition is shown in Fig. 8.1. Out of a
large nuiiber of E - 8 ro-vibrational transitions observed and assigned,
assignment and measurements of a selected few are given in Table 8.1.
The two-photon measurements by this method are compared to calculated
ones from the Dunham coefficients for> E state [2l . The fit is good

22

368.65
340.0

360.0

38070

Fig, 8.1 Monochromator scan for analysing fluorelscence from
E3TTO*(42,96) level to B3TTO*(22,97) level of I

- 162 for many transitions. Further study and measurements are in progress.
Table 8.1 s Some of the Two-photon Transitions for v-r. Between 30 and
Transition
<v"-v-v»> Xj.,)

"^n
vacuum
b
-1
(cm i )

**£ vacuum
(an"1)

(obs-cal)

(0-15-30) P J ?

17,377.38

44,149.33

0.1*

(0-15-30) Q J 2

17,346.19

44,086.93

-0.14

(1-17-32) « M

17,358.72

44,112.11

-0.10

(1-17-32) Q^ 5

17,373.83

44,142.21

O.M

(0-16-32) Q J 1 2

17,379.46

44,153.49

-0.12

((2-21-37) P J J 5

17,327.87

44,050.31

1.12

(2-19-34) It

17,373.93

44,146.43

0.06

(0-17-34) P n o

17,467.58

44,329.73

-0.«8

(1-18-34) Q j 8

17,437.37

44,269.31

0.10

(2-20-36) R

17,446.43

44,287.43

-1.0

(2-21-38) P..

17,528.73

44,452.03

O.M

(3-24-41) ? 9 J

17,487.81

44,370.19

-0/14

(0-19-38) H

17,622.98

44,640.53

-0.30

(2-22-40) Q*
62

17,599.82

44,594.21

-0.lt

(2-24-432, K J 2 $

17,617.88

44,630.33

1.61

(0-21-42) P J 3 2

17,759.17

44,912.91

-1.04

(1-22-42) * 10J

17,721.76

44,852.09

O.M

(1-22-42) » 9 t

17,731.42

44,857.41

».4O

(0-21-43) Q ^

17,969.50

45,333.37

O.«8

(1-23-44) to£

17,819.80

45,034.17

0.S4

0

V
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3.6.9 Evidence of Energy Transfer from the E3Tf 0* to D £ *
State in Molecular Iodine
(S.D. Sharma, G.D. Saksena and A.K. Ray")
3 +
Vibrational rotational levels of the E TTO state of molecular
iodine have been selectively excited, by irradiating the vapour with
oppositely directed visible and uv pulsed photon beams. By blocking each
beam individually, it is confirmed that the observed fluorescence is due
to two-photon absorption to the E state which is of the same parity
as the ground X T
state. The fluorescence analysed around the uv
excitation shows that it is due to allowed transitions from the E TTo
g
3L_ +
ro-vibrational level to various B^T 0 ro-vibrational levels and
consists of sharp lines in both the stokes and anti-Stokes regions.
But when the spectral region well beyond the v"=0 level transition
in the shorter wavelength region was scanned, a series of strong broad
features at 342 and 325 run and a number of sharp lines at still shorter
wavelength side were observed. Some part of these features are shown
in Fig. 9.1. In view of powerful molecular iodine lasers being perfected
in this region by using electron beam excitation LXJ it is of great
interest to understand the nature of these transitions. It is clear
that the E-B fluorescence should end at v"=0, the shorter wavelength
features can thus only be to some other electronic state of u parity
such as A Tf^u. Alternatively the E state must have transferred some
of its population collisonally to some other state such as D £ + and
what is observed is the D~»X fluorescence. Since A st-.tte is about 1500 cm" 1

*MDRS Section
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Fig.9.1. Evidence for energy transfer from

3. +
ETTO
8

'
to D2TO

+

state

o

of 1- molecules by collisions

above the ground state, the sharp line features around 250 nm region
cannot be due fluorescence to this state. Thus it is possible to
explain both the sharp features and broad lines if the energy transfer
to D state is postulated. The observed features are in the same region
on the D-*X transitions whose nature has been discussed by Mulliken'£3 .
The origin of these features is schematically shown in Fig. 9i2«
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Fig.9.2.

Schematic representation of energy transfer
from E —»D state and subsequent detection of
D — > X fluorescence.
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- 166 3.6.10 Observation of "Internal Diffraction" From Several Single
ro-vibrationic Levels of E State in !„
(S.D. Sharma, G.D. Saksena and A.K. Ray*)
Fluorescence is observed from several selectively excited single
q

+•

vibrational-rotational energy levels of the E JTo state of molecular
iodine. The excitation is achieved by a sequential visible .and uv two
photon absorption process. The re-emitted light from f.ie selectively
populated ro-vibrational levels is analysed with a monochromator. The
spectrum consists of a series of sharp lines from the populated levels
of the E state to the various discrete vibrational-rotational levels of
the B state. Some broad lines due to transitions terminating on the
continuum, of the B state are also observed. These broad features and
the sharp lines are shown in Fig. 10... The upper part of the figure is

Fig.10.1. Fluorescence from E3TTO+ (v' =32, J1 -53)
O + (V"=17 J"=54) state of I 2
to B3TTO

*MDRS Section
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a slower scan of the portion of the lower part. The broad features
originate from the "internal diffraction" effect, first predicted by Condon
in 1928 and clearly observed by Rousseau and Williams Oil in 197t. Since
then "internal diffraction" has been observed in a riunber of systems £?1 .
These intensity fluctuations are shown [4,5] to be due to transitions
from a bound state free region by assuming that the upper and lower state
potentials are parabolic and flat respectively. The bound to bound and
bound to continuum transitions are schematically shown in Fig. 10.2.

"EXC.

•CUND TO tOUNO -

Fig.lt,2

—BOUND TO CONTINUUM

Illustration of bound to bound and
bound to continuum transitions in I.
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3.6.11 Design and Fabrication of a Line Tunable CW CCU Laser for
Optoacoustic Spectroscopy and Laser Spectroscopv
( Kuldip Singh and V.B. Kartha)
CO 2 laser has been used for a variety of applications. The main
wavelength region of interest to the spectroscopist is 9 to 11 um, in
which this laser can be tuned over about 150 to 200 rotational lines and
high power obtained. This laser Has continuous wave operation capability
and high stability. Other uses of this laser to the spectroscopist, is
the generation of 16 u and the use of the laser to pump FIR lasers like
CH30D and NH, lasers. In our laboratory we have attempted the fabrication
of a line-tunable cw C0_ laser, which will be used for optoacoustic
spectroscopy. and other laser spectroscopy experiments like laser stark
spectroscopy and spectroscopy of ions.
A line tunable cw C0 2 laser which presently gives 54 Watts of
multimode output power and 20 Watts in the TEM Q0 mode has been fabricated.
The cw C0 2 laser is a flowing system and utilises a mixture of
three gases Carbon dioxide, Nitrogen and Helium, which are continuously
pumped through the plasma tube. The gases are mixed in a ratio 1:1.5:1.6
(CCLs N«: He) and pumped through the laser tube at a pressure of 10 to
12 Torr. Flow rates of the gases are controlled by using three needle
valves and flowmeters.
Resonant cavity consists of a gold coated 98% reflecting concave
Btainless steel mirror (R=6 m) and a 65% reflecting plane Germanium mirror

- 169 as the output coupler. The gas mixture is excited by a DC power supply
(0 to 20 kV , 100 mA).

The iaser was operated first with a gold coated

concave s.s. mirror and a plane Germanium mirror and the various parameters
like the tube length and diameter, gas mixture composition, pressure,
flow speed and electrical discharge control etc. were optimised to
maximise the multimode output power. The laser tube is cooled by
tap water. It is isolated from the resonant cavity by using two Zn-Se
Brewster windows. In the multimode output this laser was operated at
5t Watts output power.
The second step of making the laser, line tunable was achieved
as follows. The laser was made to oscillate in various modes, the most
common of which are TEMQ0, TEM O 1» ™ 1 0

and

higher modes. TEM00 mode

was selected by using an iris diaphragm inside the laser cavity. To
make the laser line tunable, the plane Germanium output coupler, was
replaced by a grating blazed at 10.6 microns. The power was taken
the zeroth order output of the grating as shown in Fig. 11.1.

GRATING

GOLD COATED
S.S. MIRROR
OTH ORDER OUTPUT
Fig. 11.1. Laser resonator
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The laser was successfully operated on various vibrational
rotational lines. Most intense lines are around P(20) in the 10.6 u
region where 6-8 Watts of power was obtained in each line.
In general, 'i to 3 Watts of power was obtained in each line for
various P and R branch Iin6s in the 10.6 u region.
Initial experiments in-optoacoustic spectrosoopy with SF- are
in progress, This, laser will also be used for ion spectrosoopy experiments.
H-0 ion will be used in such experiments. Stabilisation of the laser
by using invar cavity, PZT controlled mirror and current regulated
power supply etc.. is being started now. The stabilised laser will
be used for sophisticated experiments of laser spectroscopy, like laser
Stark and laser magnetic resonance spectroscopy.
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Design and Fabrication of Optical Instruments

4.1.1

Design and Evaluation of a Double Monochromator Consisting
of Two Concave Holographic Diffraction Gratings
(N.C. Das)

In some high resolution instruments, such as laser Raman spectrophotometer, stray light should be reduced to a minimum level in order to
achieve a high signal to noise ratio. For this purpose double monochromators are very useful systems in which the light beam is dispersed twice
before forming the final image at the exit slit. Several types of double
monochromators C,?J using conventional gratings have been discussed in
the literature. All these systens contain several reflecting elements in
addition to two dispersing elements, which results in the loss of intensity of the final image. A double monochromator £3] using two. type III
holographic diffraction gratings has also been reported. This system is
suitable for narrow band spectral studies only, since it suffers from
defocussing effect when the spectral range is quite long. In this report,
a double monochromator consisting of two concave holographic diffraction
gratings used in the oh-axis configuration where defocussing effect is
completely absent, has been discussed.
The construction principle of the holographic diffraction grating
used in the double monochromatqr is shown in Fig. 1.1. A well polished

Fig, 1.1. Construction principle of Fig. 1.2, Optical lay out of the
the holographic grating.
double nonochroNator.

- 172 concave spherical glass blank 'G' is coated with photoresist and exposed
to two coherent beams - one diverging from the centre '0 f while the other
beam is parallel to the axis OD. After exposure and development, the
spherical surface is coated with a suitable reflecting material. Thus
the spherical surface will behave as a reflection grating when a polychromatic beam is incident en it. The grating spacing (T at any point P
of the holographic grating is given by

Sin \p - hS

-•

(1)

where o is the constructing wavelength and y> is the aperture angle at
the point P. Two such holographic diffraction gratings 6, and G» having
central holes are mounted as shown in Fig. 1.2, which is the basic optical
layout of the double monochromator. The centres 0- and 0_ of the gratings
G1 and G ? are situated on the common axis O?CL of the system. A polychromatic source is located at the point 0- and a detector assembly w*th a
pinhole is located at CL. The detector assembly is mechanically coupled
with the grating G.. For scanning various wavelengths the grating G., is
moved along the axis OiCL* ^ ° e relation between the scanning movement X
of the grating G. and the wavelength is given by
... (2)
where R is the radius of each grating. Fig.1.3 shows a plot of scanning
movement X versus wavelength^ .
,

Fig. 1.3. A plot of scanning
movement X versus
wavelength >>

-
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In order to design a practical monochromator various system
parameters, such as, the relative positions of the gratings, source,
pinhole and the diameters of the central holes of the gratings and
the grating aperture were specified. For evaluating the system the
resolution and dispersion at various, wavelengths were calculated.
The typical design parameters of the double monochromator are R=200 ram,
D=180 mm, X Q =20 inn, n o =6.4 sm, D =50 inn, where, D= Axial distance
between the gratings G^ and G 2 w n e n constructing wavelength Ao is
focussed at the exit pinhole Oj. X Q = Distance of the source point
0^'and the exit pinhole 0 2 from the poles of the gratings G, and 6.
respectively. D = Diameter of the central holes of the grating,
Dis Diameter of the gratings. The constructing wavelength X is
4579.3 R of argon ion laser. The aberration properties and the
design procedure of the system have been published in the literature £<•}
Table 1.1 shows the dispersion and resolution at various wavelengths.
Table 1.1 : Dispersion and Resolutions at Various Wavelengths

X
2000
3000
1(000
5000
5000
7000

'•

• 3*731
' ,0
W.2
29.2
18.9
10.9
t.6

~2E

.

22.2
7,3
0.9
0.2
3.0
6.2

,••

It may be seen that the system is very compact and has exotlUnt
resolution throughout the u.v.-visible region of the spectrum. Sine*
tiie system consists of only two holographic gratings, the reflection
loss and stray light will be minimum and it will be useful for laser
Raman speetrosoopy.
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i*.1.2

Two Element Catadioptric Magnifier Useful for Microfiche Reader
(N.C. Das and R.P. Shukla)
Simple catadioptric magnifiers capable of producing visual magni-

fications 15 to 20 times and useful for reading microfiche having frame
sizes of 16 x 12 ran and 12 x 9 mm, have already been reported in the literature.
These magnifiers are in the form of a cube f 1,2"J and a simple ">lano
convex lens D l

having semi-reflecting coatings on appropriate surfaces.

After actual fabrication it was found that the resolution and the focussing
properties of these magnifiers are excellent. The image seen through these
magnifiers, however, appears to form on a slightly curved surface and it
suffers from pincushion distortion. In this report a two element catadioptric magnifier which is free from these defects, is presented.
Fig. 2.1 shows the magnifying property of the two element catadioptric magnifier which has been designed and fabricated.

Fig. 2,1. Magnifying
property of a
catadioptric
magnifier.
k-

- 175 It consists of a positive and a
negative lens made of BSC glass
and the two surfaces of the positive lens are semi-reflecting.
An object transparency 'H' is
illuminated by a small light
source 'S 1 and kept inside the
focus 'F' of the system. The eye"
situated at the position 'E1 sees
a magnified virtual image of the
object transparency 'H1 at the
position 'I 1 . The position of
the object is very near to the
plane surface of the negative
element and the image is formed
at the normal viewing distance
of 250 mm from the eye. Design
data and aberration properties
of the system have been published

elsewhere (XI •
Using the two-element
catadioptric magnifier a hand
held instrument suitable for
reading microfiche having frame
sizes of 16 x 12 mm and 12 x 9 mm
was fabricated. The photograph
of the instrument is shown in
Fig. 2.2. The lens system of the
catadioptric magnifier is mounted
in the eye-piece mount '£'. The
microfiche is kept between two
plates f P' lying one above the

Fig.2.2.Micro fiche reader

- 176 other and can be slided manually for reading various frames. The frame
is illuminated by a 3V electric lamp. The lamp housing is situated below
the perspex plate 'P1 which is not reproduced in the photograph. The power
supply to the electric bulb is obtained from two 1.5 V dry cells which
are kept inside the aluminium cylinder 'H'. The cylinder f H' is also used
as the handle of the instrument. For focussing the image, the lens
mount 'E' can be given fine movement. The eye is to be located near
'E' to see the magnified image of the particular frame which is to be
read by this instrument.
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4.1.3

Scatter Plate Interferometer
(M.V.R.K. Murty and R.P. Shukla)

The scatter plate is a weak diffuser which has inversion symmetry
about a central point. The scatter plate is made by double exposing a
laser speckle pattern on a phonographic plate and rotating the plate
through an angle of 180° between the exposures to obtain the inversion
symmetry. The doubly exposed photographic plate is processed and bleached.
This bleached plate acts as the scatter plate.
A device for rotating the plate through an angle of 180 was
devised and fabricated. In,this, device, two gratings of the same
frequency are used. One of them is fixed while the other is rotated.
When the grating lines are parallel, a uniform broad Moire\ fringe is
formed between the gratings. Two angular positions of the rotating
grating can be obtained in one rotation for which the uniform broad
fringe is formed. These two angular positions, are exactly 180° apart.
Schematic diagram for making the scatter plate is shown in Fig. 3.1.

- 177 BEARING BLOCK
SPATIAL FILTER

, GRATING

PHOTOGRAPHIC PLATE
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SCREEN
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Fig. 3.1. Experimental set up for making a scatter plate

TEST SURFACE

DIRECT BEAM
SCATTERED 8EAM

kTTCH PLATE

BEAM
SPLITTER

CAMERA IMAGE PLANE

Fig. 3.2. The scatter plate interferometer for the testing of
the mirror

- 178 Several scatter plates were recorded on Agfa 10-E-75 photographic plates
and used in the construction of the scatter plate interferometer.
Fig. 3.2 shows a schematic diagram of a scatter plate interferometer for the testing of a concave surface placed near the centre of
curvature. Light from a point source is focussed on the test surface
by means of a projection lens. The scatter plate is placed in the path
of the beam. The scatter plate scatters part of the light and fills
the aperture of the mirror. This scattered light is focussed back on
the scatter plate itself by the mirror surface and passes through the
plate undeviated. This is called a test beam. The direct unscattered
light is reflected back on the scatter plate by a central region of the
mirror and it gets- scattered after passing through the scatter plate.
This forms a reference beam of light. The two beams are recombined to
produce interference fringe pattern. The fringes are focussed on a
screen by a camera lens. Fig. 3,3a shows the photograph of interference
fringes obtained for a good concave mirror. Fig.3.3b shows the photograph

/

\

/

(a)

(b)

Fig, 3.3 Appearance of scatter fringes
a) For a good mirror under test
b) A mirror suffering from spherical aberration

- 179 of the fringes obtained for a mirror suffering from spherical aberration.
The scatter fringes are a contour map of the difference between the test
surface and the ideal reference surface. These fringes directly provide
the information about the imperfections of the mirror.
The interferometer can also be used for testing the aspherical
surfaces
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1,1.4

Predisperser
( R.P. Shukla )

This instrument has been designed and fabricated to isolate a
band of wavelength from 2000 8 to 2500 8 out of a continuum source of
light. The schematic diagram of the predisperser is shown in Fig. H.I

ROWLAND CIRCLE
4OO mm DM

ENTRANCE SLIT

CONCAVE GRATING
6 0 0 GROOVES/mm
\ g * WOO*

Fig. 4 . 1 , Schematic diagram of a predispersor

- 180 A concave grating has been used as a dispersing element in order to
minimize the number of optical components in the system. An entrance
slit is kept on a Rowland circle and the spectrum is formed along the
Rowland circle. The dispersion of the instrument is HO 8/rnn and
therefore a slit width of about 12.5 mm is required to take out the
spectral band 2000 8 to 2500 8. This instrument can be looked upon
as a filter of band width 500 8. Because of the use of single reflecting
element in the system, this unit is more efficient than the equivalent
multielement system using lenses and prism as the optical elements.
i».l,5

f/2 Spectrograph
(R.P. Shukla)

A fast spectrograph, to study the spectra of weak sources
was designed and fabricated in the division. The schematic diagram
of the spectrograph is shown in Fig. 5.1. 'Sf is the entrance slit
COLUMATING L E N S , M,
TOCM. LENGTH « * W mm

T sodhcE
PLANE GRATING

<0O GHOOVES/mm
ME-HOXIIOXKmm

FILM PLANE
MOO*

Fig. 5.1.Schematic
diagraa
of Cserny Turner
Spectrograph
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placed at focal point of the colliraating mirror M-. The collimated
beam falls on the grating arid the light gets dispersed. The dispersed light is collected by the focussing mirror PL and the spectrum
is formed at the focal plane of the mirror. Parabolic mirrors are
used as pollinating and focussing elements, to reduce spherical
aberration. Asymmetric geometry is selected to minimise comatic
type of aberration at one wavelength. The dispersion of the
spectrograph is 55 8/mm. Spectral lines differing in wavelength'
by ..€ 8 can be resolved by the spectrograph. The spectrograph is
useful for initial survey of spectral lines, as a spectral region
of about 3800 8 can be covered in one single set up. The spectral
range of the instrument is from 2500 $ to 7500 8.
4.1.6

Twyman Green Interferometer with Curved Mirrors
(M.V.R.K. Murty and R.P. Shukla)

The Twymand Green interferometer 1 is used for testing
the optical homogeneity of prisms, lenses and parallel plates in
the optical testing laboratory. The Twyman Green interferometer
is essentially a modification of Michelson interferometer in which
the extended source of light is replaced by a point source at the
focus of a well corrected lens and consequently a collimated beam
of light is used in the interferometer. The fringes obtained in
this interferometer are therefore straight and equidistant for the
case when the real mirror and the virtual mirror are making a small
wedge angle. Fringe-free field is obtained for the case when the
real and virtual mirrors are parallel to each other. When one of
the mirrors in the Twyman Green interferometer is replaced by a
slightly curved (convex or concave) spherical mirror, a set of
circular fringes is obtained in the field of view due to the interference
of the plane and curved wavefronts. The number of fringes depend on
the amount of curvature present in the mirror. This type of arrangement
is not suitable for testing the parallel plates and prisms. It is

- 182 interesting to see the nature of the fringe pattern when both the plane
mirrors are replaced by slightly curved (convex or concave) spherical
mirrors which are identical in shape. Such type of arrangement is
shown schematically in Fig. 6.1. The mirrors are choosen to be about

CONVEX MIRROR

COLLIMATING LENS

SOURCE

BEAM SPLITTE

SPHERICAL WAVEFRONTS

••FOCUSING LENS

EYE
Fig.

6.1. Schematic diagram of a Twytnan Green interferometer

2.5 wavelengths convex and placed at equal distances from the beam
dividing surface. The reflected wavefronts from both the mirrors
are identical in nature. When the interfering beams are parallel
to each other, a uniform illumination is obtained over the aperture.
In order to obtain straight fringes a slight tilt between the beams
can be introduced. Fig.6.2 shows the photograph of nearly straight
fringes obtained with the arrangement shown in Fig. 6.1. The result
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shows that it is not necessary
to make the mirrors perfectly
plane but the efforts must be
made to make both the figures
identical.
The maximum amount of
curvature that can be tolerated
on the mirrors can be derived
from the'Fig. 6.3a and 6.3b.
Fig, 6.3a shows the situation
when the two mirrors are not
Fig. 6.2 Photograph of nearly straight
located at equal distances
from the beam divider. This
fringes
happens while testing of ruby
rods, thick parallel plates etc. The image of the mirror M 2 in the beam
divider is separated by an amount t from the mirror M ^ The reflected
wavefronts have their focii at F]_ and F 2 > The interference takes place

CONCAVE MIRRORS

Fig. 6.3(a) Schematic
diagram of
Twyman Green
interferometer when
the mirrors
are placed
at unequal
distances
from the
beam splitter.
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Fig.6.3(b) Schematic diagram
showing the path
of the reflected
wavefronts from the
two mirrors.

between two wavefronts, whose focii are displaced longitudinally and
therefore the illumination will not be uniform over the whole aperture.
The variation of OPD over the aperture is given by

8:«-J- "
_

Y2

2tY2

where R is the radius of curvature of the mirrors and Y the distance
of the point on the mirror measured from the optical axis.
For S < • & - , t = 500 rtm, Y = 50 ran. We get R > 281.1 metre
taking X = 6328 8.
The sag o f the mirror is about 7.0 X .
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Hence the mirrors can tolerate the curvature corresponding to sag of
7 A concave or convex for maximum variation of OPD by -^ over 100 mm
aperture.
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4.1,7

Michelson Interferometer with Beam Divider and Compensating
Plate Having Slight Wedge Angles
(M.V.R.K. Murty and R.P. SHukla)

In conventional Michelson interferometer, the beam divider and
the compensating plates are assumed to be parallel plates of glass.
Thus it has been an accepted procedure to use highly parallel and
equally thick glass plates of the same material. For small aperture
interferometers, this has been achieved by making a single parallel
plate and then cutting it into two equal pieces for use as the beam
divider and the compensating plates in the Michelson interferometer.
The purpose of the present analysis is to show that small wedge angles
on the beam divider and the compensating plates can be tolerated,
provided the angles are the same. The Michelson interferometer with
beam divider and compensating plates having slight wedge angles
has been made and the suitable tolerances for the wedge angle have
been calculated and experimentally verified. Such a type of interferometer is shown schematically in Fig. 7.1.
The beam divider consists of two identical wedges of glass
with semireflecting surface sandwitched in between. When the two
end mirrors are exactly at the same distance from the beam divider,
a single white light fringe covering the entire field is obtained.
By tilting one of the plane mirrors, it is possible to get achromatic
fringes with the central fringe perfectly white and the outer fringes
more and more coloured.

PLANE MIRROR

CEMENTED BEAM
DIVIDER
PLANE MIRROR

SOURCE PLANE

COLLIMATING
' LENS

00

I

FOCUSING LENS

FRINGES AT
INFINITY
Fig. 7.1. Schematic of the Michelson interferometer showing two identical wedged
plates cemented to form the beam divider.

- 187 In order to illustrate that these achromatic fringes can be
obtained even with a very large wedge angle, a beam divider in Fig. 7,1
with an angle of **,5° for each of the wedged glass plates is formeu.
The Fizeau fringes of equal thickness in white light obtained in such
a set up is shown in Tigl 7.2
When the two mirrors
are not equidistant from
the beam divider, elliptical
fringes are obtained in the
interferometer. The ellipticity is a function of
the wedge angle of the beam
divider and compensating
plates. Theoretically computed ellipticity (ratio
of major to minor axis) for
the above set up is about
1.29. Fig. 7.3 shows the
photograph of these elliptical fringes at infinity.

Fig.7.2. Fizeau white light fringes.

The measured ellipticity is 1.27, agreeing reasonably well with the
calculated value. But in more
normal situations, it is desirable to obtain circular fringes
at infinity with nearly parallel plates, It is thus arbitrarily assumed that an ellipticity of 1.01 is acceptable
in an interferometer designed
for general teaching laboratory
use. For an ellipticity of
1.01, the combined wedge angle
i

can be as large as 26 of arc,

Fig.7.3. Fringes at infinity.

- 188 or that each plate can have an angle as much as 13 of arc. 'This is
an extremely liberal tolerance. One can easily obtain a glass plate
of suitable thickness and generate plane surfaces with an angle tolerance
of 13 of arc. Then it can be cut into two pieces for use in the
Michelson interferometer. The situation in which the beam divider
and the compensating plates are not cemented to each other, but are.
kept separate has also been considered. Such an analysis showed
that beam divider can tolerate a wedge angle up to 2.3 minutes
of an arc £Q .
Conclusion
The usual assumption that very highly parallel and equal plates
of glass are required in a Michelson interferometer, has been reexamined,.
Assuming that the plates have small wedge angles, but are otherwise
identical, a very liberal tolerance of about 13 of arc is possible
when the beam divider and compensating plates are cemented to each
other. When the instrument is constructed with two separated plates
which are a still liberal tolerance of about 2.3 of arc is possible
for the wedge angles of the plates.
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Murty Interferometer for the Precise Measurement of Radius
•of Curvature of a Test Plate
(R.P. Shukla)

An application of Murty interferometer for the precise
measurement of radius of curvature of a test plate has been demised.
This method measures not only the radius of curvature accurately but
also the surface accuracy of the test plate. The schematic diagram
of the interferometer is sh_w> in Fig. 8.1. A laser beam is focussed
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A SLIGHTLY WEDGE
SHAPED PLATE

COLLIMATING LENS
LENS ' " » - T E S T p L ATEFRINGES

LATERALLY SHEARED
WAVE FRONTS

'Pig. 8.1

POSITION I

POSITION 2

Schematic diagram of Murty interferometer for measuring
the radius of curvature of a concave spherical surface

by means of a microscope objective at the focus of a we3.1 corrected
colligating lens.

A wedged plate is placed in the path of the collimated

beam such that the apex of the wedge is in the horizontal plane.

The

beam is reflected partly from the front surface and partly from the
second surface of the plate and two sheared wavefronts are obtained
in the common overlapping area.

The collimating lens is adjusted to

obtain the horizontal straight fringes.

For measuring the radius of

curvature of a test plate, a focussing lens is placed in the path of
a transmitted beam.
of the lens.

The surface of test plate is brought to the focus

The reflected wave is again collimated by the lens and

interfevience is observed due to the sheared wavefronts.

The position

of the test plate is adjusted very accurately until horizontal straight
fringes are obtained.

The position of the test plate is noted.

The

test plate is then inoved towards the right in order to focus the laser
beam at its centre of curvature.

When the focus of the beam and the

centre of curvature of the test plate coincide, the horizontal straight
fringes are observed.

Even a slight error in the setting makes the

- 190 fringes inclined which can be easily detected against a cross wire.
The second position of the test plate is noted. The displacement of
the test plate between these two positions gives the radius of curvature.
The qualitative estimation of the surface accuracy of the test plate can
be done by observing the deviation.of the fringes from the ideally
equispaced straight fringes. Since the distance is measured by
. taking the difference between the two positions, the accuracy in the
measurement is high.
It has been possible to measure the radius
of curvature with an accuracy of a few microns using this interferometer.
Fig. 8.2 shows the appearance of the fringes obtained for a concave
mirror under test. It is also possible to measure the focal length

FRINGES

Fig. 8.2. Appearance of
shearing interferogram
for a concave mirror

of a lens system accurately using this set up £13
REFERENCE
[11 Murty, M.V.R.Y. and Shukla, R.P.,
Ind. J. Pure 6 Appl. Phys. 21, 587 (1983).
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A Simple Method for Measuring_the Refractive Index of a
Liquid or Glass Wedge
(M.V.R.K. Murty and R.P. Shukla)
A simple method for measuring the refractive index of a liquid

or glass has been devised.

In this method there is no upper limit on

the refractive index to be measured unlike in the critical angle
refractometers.
Fig. 9.1,

The principle of the method is shown schematically in

A laser beam from a He-Ne laser is expanded and collimated

GLASS ROD

COLLIMATING LENS
MICROSCOPE OBJECTIVE

H«-Nt LASER
SCREEN

GLASS PLATES

Fig. 9.1. Schematic diagram of the arrangement for measuring
the refractive index of liquid

by the use of a beam expander consisting of a microscope objective
and a doublet.

A limiting aperture of about 1 mm diameter is placed

in the expanded beam to restrict the beam diameter.

A screen is placed

at a large distance (about 2.5 m) from the limiting aperture.
direct beam of light is denoted by the point ?

The

on the screen and its
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position is noted. The liquid wedge or glass wedge is now placed in
the path of the narrow collimated beam of light near the aperture in
such a way that the beam of light is normal to the first surface of
the wedge. The spot, which is now obtained due to the deviation of
the beam through the liquid, is denoted by P., and its position is
noted. The angle of deviation ( A ) is given by the following relation
for a small value of wedge angled i.e. Sintf = °< = tan0' :

tan A

d
= A = (l^-l)** = •—

...

(1)

where It is the refractive index of the liquid, d, is the distance
between the spots P and P. on the screen and L- is the distance of
the screen from the apparent point 0- from where the laser beam
appears to deviate from the direct beam.
Now another spot P- is obtained due to first internal reflection
from each of the plates, and its position is noLed. It is necessary to
coat the inner surface of glass plate 1 with aluminium (reflectivity
of about 50%) in order to get the spot P 2 of visible illumination. The
angle of this beam with respect to the direct beam is given by
d

?
tan (e-«0 = (p-°O = ~L

...

(2)

2

where d_ is the distance between the spots P and P~ and L_ is the
distance of the screen from the apparent point 0 ? from where the beam
appears to diverge. The angle o( is given by the Snell's law of
refraction :
Sin f* = Ii

sin 3<X

...

(3)

Taking the approximation sin p = p , Sin 3°C = 3o< , and from relations
(1) to (3), the following relation is obtained.
2
(3 Nj-lX* = j ^

...00
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2 d,
...

(5)

Thus it is possible to compute the refractive index from the above
relation.
The expression for the difference (L^-L.) has been derived
by us £l] . After carrying out the error analysis the following
results were found. The parameters for the measurement of the
refractive indices were :
oi- 48 , h = 5 mm, t = 6 mm, refractive index of the glass
plate=N= 1.52, L 2 = 2.5 m, It was found that factor

h

2^1. can be

neglected for larger values of h. and the refractive index cam be
calculated from the following equiation :
2d
\

-

1

^

Refractive indices of several liquids such as water, o(- bromonaphthlene,
etc, have been measured. The precision of•measurement is found to be
around ±0.002.
REFERENCE
[f) Murty, M.V.R.K. and Shukla, R.P., Opt. Eng., £2, 227 (1983).
4.1.10 Measurement of Long Radius of Curvature
(M.V.R.K. Murty and R.P. Shukla)
Several methods for the measurement of long radius of curvature
of a convex or concave spherical mirror were studied and developed in
our laboratory. These methods 'have relevance in the measurement of the

-194radii of curvature of laser mirrors. The accuracies achievable with
the various methods £ll were compared and summarised.
Fig. 10.1 shows an interferometer for measuring the radius

MICROSCOPE OBJECTIVE
H»-Ne LASER

MRROR UNDER TEST
RftRALLEL PLATE
RECORDING PLATE

LATERALLY SHEARED
WAVEFRONTS
Fig.10.1. Schematic diagram of Murty Interferometer to measure
the radius of curvature

of curvature of a mirror. A laser beam from a He-Ne laser source is
focussed at the focal point of a lens by means of a microscope objective.
A parallel plate is placed in the path of the beam. The collimation
is checked by obtaining the fringe free field in the overlapping region
of the sheared wavefronts. The mirror under test is placed on the
optical axis of the beam. In this position the reflected light from
the mirror is focussed back, on the pinhole itself. The shearing
interferogram is recorded on a photographic plate. The interference
fringes are formed perpendicular to the direction of the shear. The
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_Sd_
A

(1)

cot i

where 'd' is the fringe spacing, X is the wavelength of light and ,S
is the shear given by
t sin 2 i
( n 2 -sin 2 i) 1 / f

(2)

where t .is the thickness of the plate, i is the angle of incidence
and n is the refractive index of the glass plate. Shear S is calculated
by measuring the thickness t and angle of incidence i. The radius of
curvature is obtained from the following relation :
r=

2(RT± L)

where positive sign is used for concave mirror and negative sign is
used for convex mirror, L is the
distance of the mirror from the
recording plane. Fig. 10.2 shows
the photograph of the fringes
obtained for a mirror of radius
of curvature 10275 ±20 mm. The
accuracy of the measurement is
found to be ±0.2% of the radius
of curvature.

Fig. 10.2. Photograph of the fringes

REFERENCE
Cl"3 Murty, M.V.R.K. and Shukla, R.P.,
Optical Engineering 22., 235 (1983).
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Design and Fabrication of Thin Films

14.2.I Method of Determining Optical Losses of Dielectric Thin Films
(K.V.S.R. Apparao, N.K. Sahoo and T.C. Bagchi)
When an electromagnetic optical radiation falls on any dielectric
thinfilm device, the radiation is partly reflected and the remaining
energy is transmitted through the device satisfying the well known
relation R+T = 100 in an ideal case, where R and T are the percentage
reflection and transmission of the device respectively. But in practice
there is always a deviation from this relation for a thinfilm device
because some part of the energy is lost due to the optical losses in
the device. The percentage losses L = 100 - (R+T) which include losses
due to absorption, scattering and fluorescence in the films, depend
exclusively on the process parameters used during the preparation of
the films. Optical losses of thin films is one of the most important
parameters that has to be measured and controlled accurately during
the development of thinfilm devices, particularly for the divices used
for laser applications in the UV region from 240 ran to 400 nm. For
high power laser applications the device should have minimum optical
losses of the order of <0.5%. For such development work a new, quick
and accurate method of determining optical losses of thin films is
proposed which is described here briefly.
In the present method the optical losses of thin films are
measured from their transmitting spectra. Fig. 1.1 illustrates a typical
spectrum of a 300 nm thick dielectric film of index f n' deposited on
a substrate of index 's'. The spectrum consists of a series of
interference fringe maxima and minima alternately corresponding to
even and odd multiples of half wave optical thickness positions respectively,, The transmitting spectrum of the substrate before coating the
film is also shown in Fig. 1.1. For a film of zero loss the peak
maxima T ^ should be the same as the substrate transmittance To at
all the peak maxima'because at these wavelength points the film acts

- 197 as an absentee layer. The presence of losses in the film attenuates T~,
as can be seen in Fig. 1.1 ac the lower wavelengths. The extent of the

300

450
WAVELENGTH Mnm)

750

Fig.1.1. Transmitting spectra of a) 300 run thick dielectric film of
index n and b) the substrate of index 3 before coating the
film.

attenuation at the peak maxima positions is a direct measure of optical
losses and can be obtained using the relation L = T g - T_, at each peak
maxima wavelength. The percentage losses can be plotted on a logarithmic
scale against wavelength from which the losses of the film at any wavelength can be determined. The method is being used successfully in our
development work and the accuracy of the measurement of losses depends
upon the accuracy of the spectrophotometer and the errors i,n the film
uniformity. With the transmittance spectra of our films (having film
thickness uniformity within ±2%), recorded on Hitachi Model 330 double •
beam spectrophotometer (Photometric accuracy ±2%) the estimated accuracy
in the measurement of losses using the present method is +1% of the
true value.
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4.2.2

Method of Determining Refractive Index and Absorption
Constants of Dielectric Thin Films
(K.V.S.R. Apparao, N.K. Sahoo and T.C. Bagchi)
Knowledge of optical constants namely the refractive index n,

extinction coefficient k and the absorption constant o^ of thin films
is necessary for the indigenous development of dielectric thin film
devices for different applications. Thin film constants, as is well
known are different from their bulk values and are not available in
the literature particularly for high index films in the ultra violet
region. A method to accurately determine the optical constants of
high index thin films using its transmittance spectruin, is established.
The transmittance spectrum of a dielectric thin film of
refractive index 'n' deposited on a substrate of index s, recorded
on a double beam spectrophotometer consists of a series of maxima
and minima peaks corresponding to the different orders of interference.
If the contours of peak maxima and peak minima are called continuous
functions Tj. ( /\ ) and T

( A ) respectively then the T M and T

at any

wavelength can be read from the film spectrum. Using these two values
the optical constants are determined using the following relations :

n = [N • (N2-s2)-V2J
k

=

• "jj'fj-

1/2

... (1)
...

(2)

(«0
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"

M

and n, and n. are the refractive indices of the film at two adjacent
peak maxima (or minima) at wavelengths A , and A ? .
A computer prograimie to calculate n, k, and t of thin films
using this method for the entire wavelength region of the spectrum
is developed. Spectrophotometer slit width correction is also incorporated in the computations. Using this method, the optical constants
of high index films of different materials were determined successfully
in the Division. The expected accuracy in the determination of the
constants is ±1% of the true values.
^.2.3

Calibration Plots for Absorbing Thin Film Devices :
Calibration using Optical Monitor
(K.V.S.R. Apparao)

Development of multilayer thin film devices requires coatings
of well defined and precisely controlled thicknesses. During the
development work, by the method of vacuum evaporation, this is normally
achieved by using different thickness monitors. Because of the inherent
errors involved with the monitors, and the variations in the film
constants during the process of evaporation, it is extremely difficult
to get the desired film properties during the method of fabrication.
But if we know the exact'transmission value of each film, taking into
consideration all the errors involved, it is relatively easy to terminate
the process exactly at the correct thickness of the film.
To achieve this, a computer programme is developed to get the
Qesired transmission values of the monitor for fabricating any thinfilm
device having maxima of 30' layers. The method takes into account the
differences in film thickness, film index, substrate index, central
wavelength, phase mismatch of the device and the monitor plate. The
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film materials. There are different options incorporated in the method
to choose that the device is used for normal incidence or for any angle
of incidence, number of monitor plates etc. The procedure gives
transmission values where exactly the evaporation has to be terminated
for each film of stack. It is proposed to use the simulated calibration
plots for developing high quality multilayer thin film devices in the
division.
H.2.4 . Optical Losses of ZrO, Films in the UV Region
(K.V.S.R. Apparao, N.K. Sahoo and T.C. Bagchi)
Knowledge of optical losses of thin films is essential for the
development of efficient low loss dielectric high reflecting mirrors
for different lasers and Fabry-Perot interferometer applications in
the UV region from 240 nm to 400 nm. Such applications i-equire suitable
low loss high index (n 5*2.0) optical films with minimum extinction
coefficient (k « 5x10

). Very few high index films are known to be

suitable for UV region and even for those materials complete data of
optical losses and constants in the UV region is not available in the
literature.
Our aim is to study and establish the dependence of the optical '
losses and constants in the UV region on the various process parameters
for ZrO. films using the method of vacuum evaporation. The dependence
of the optical constants on the rate of evaporation, substrate temperature,
vapour chopping ambient oxygen and film thickness have been studied.
About 40 ZrO_ films each with different evaporation parameters were
prepared. The optical losses L, refractive index n and extinction
coefficient k for each sample were determined using their transmittance
spectra. The measured percentage losses L were plotted against the wavelength for each set of films prepared under identical conditions but with
one parameter variable. Fig. 4.1 illustrates one such plot wherein, the
dependence of optical losses on rate of eva-t:-.-r?tiah is shown. As can be
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decreases. The losses are further reduced as expected at higher substrate
temperatures and low oxygen ambient pressure. It was also found that
the losses of ZrCL films in the UV region were more due to surface
scattering rather than bulk scattering. The observed influence of
the process parameters on the optical constants of ZrO. films can be

OPTICAL LOSSES L(%>

Fig.4.1. Dependence of optical losses of ZrO_ films on the rate of evaporation
(a) 2O8/Sec.
(b) lo8/Sec.
(c) 5X/Sec.
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attributed to changes in film structure, grain size, density fluctuations,
stoichiometry and the extent of reoxidation. The various evaporation
parameters were optimised to give the best optical constants of ZrO_
films. For such films the optical constants L, n and k at different
UV laser wavelengths are shown in Table U.I.
Table 4.1 : Optical Constants at Different UV Laser Wavelengths
Laser
Wavelength

nm

248
308
337
351

Optical Loss L

%

Optical Constants
Refractive Index
Dielectric constant

n

k
x 10" 3

8
0.8

2.35

7

2.16

4.7 x lO"*1

0.24

2.12

1.2 x 10" 8

uJ.4

2.11

8.8 x 10" 5

These constants are being reported for the first time for ZrO,
film. Further work to improve the constants still further is in progress.
4.2.5

Design and Development of Dielectric Thin Film Devices for Hiph
Power Laser Applications
(K.V.S.R. Apparao, N.K. Sahoo, and T.C. Bagchi)
Indigenous development of multilayer dielectric thinfilm devices

like high reflecting mirrors, beam combiners, beam reflectors,' anti
reflection coatings for different high power laser applications in the
wavelength region from UV, visible to near infrared, present some problems.
Selection of appropriate materials having the required optical and
mechanical properties, knowledge of optical losses and constants of
the materials in thinfilm form and their dependence on the evaporation
parameters are some of the involved problems. Such an essential data
is not completely available in the literature particularly for the
coatings in the UV region.
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Using the method of vacuum evaporation the dependence of optical
losses and constants on various evaporation parameters for different
thinfilm materials like TiO2, CeO2, A l ^ , ZrO2, MgF2, SiO2, MgO,
NaJU.F- etc. were studied. Making use of the data thus obtained,
high reflecting mirrors of conventional design having reflections
as high as 99% with losses as low as 1% were developed for different
wavelengths ranging from 300 nrn to 1060 nm. The coatings developed
are in constant use in our laboratories and are found to withstand
the available laser powers, operating upto 10 MW maximum power with
10 ns pulse widths. Table 5.1 shows some of the thinfilm devices
developed so far in the Division indigenously.
Table 5.1 : Thinj'ilm Devices Developed so far ..in the__Di vision

Device

Laser
XeCl

N2

308
337

HeCd+

442

A.R. and H.R. Coatings
A.R. and 'H.R. Coatings
Beam Combiners £ Beam Reflectors

DYE

400-600

532
515

YAG II
+

Ar

Cu-Vap.
He-Ne

YAG

**»3

510-570

633
1064

H.R. Coatings & Output Couplers
A.R. 8 H.R. Coatings and Beam dividers
A.R. & H.R. Coatings and Beam dividers
H.R. Coatings
H.R. Coatings, Output Couplers &
Zonal Coatings
H.R. Coatings
H.R. Coatings and Output Couplers

Fabrication of Optical Components
The optics shop fabricated a number of optical components useful

for the various activities of the Division. These include different
sizes of glass, quartz and calcium fluoride prisms, lenses, optically
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have been fabricated for use in spectrographs, monochromators. High
quality mirrors, windows and Brewster ends were also fabricated for
use in the development of lasers.
A few jobs were done for other divisions of B.A.R.C. as
indicated below :

S.No. Division
Nuclear Physics Dn.
2

Nuclear Physics Dn.

3

Metallurgy Dn.

4
5

Metallurgy Dn.
Air Monitoring Sec.

6
7

Air Monitoring Sec.
Central Workshops

8

Dn. of Radiological
Protection
Chemistry Dn.
Chemistry Dn.
Laser Dn.
Power Project
Engg. Dn..

9
10

11
12

Nature of job

Quantity(Nos)

Polishing of Brewster windows of 17
Mjasurface flateness and angle
of parallelism 10 sec.
Polishing of Calcium fluoride
1
crystal
Fabrication of glass tubes
5it
of various sizes
Trepanning of glass discs
2
it
Polishing of Concave Mirrors
of 6 m radius of curvature
Trepanning of glass disc
1
tt
Polishing of plane mirrors
for periscope project
Trepanning of glass discs
12
Grinding of.cylinders
Polishing of quartz windows
Optical Testing of laser rod
Optical Testing of seal
Matings rings

2
it

1
13

- 205 5. ELECTRONIC INSTRUMEMTATION
(P.K.S.P. Rao, S.V.G. Ravindranath, H.S. Dua, M.N. Patil
H.C. Goyal and S. Anandam )
5.1.1

Microprocessor Based Scanning and Data Acquisition System for
Laser Raman Spectrometer
In continuation of the work reported in [1} , the microprocessor

based scanning and data acquisition system for Laser Raman Spectrometer
is designed, developed and tested.
Intel's 6085 based micro-computer is used to generate the stepper
pulses and control the movement of the stepper motor in conjunction with
the stepper drive unit, an accessory to the spectrometer1 and collect
the data while scanning.
To make the stepper pulses acceptable to the drive unit and to
provide necessary logic for the incoming encoder pulses to generate an
interrupt pulse, two 71+00's are used. These two ICs along with the
components for data acquisition are wired on interface board as shown
in Fig. 1.1.
For data acquisition purpose Intel's 8253.

programmable interval

timer and a 8 bit digital to analog converter (DAC-08) are used. The
processed PMT pulses from preamplifier of the photon counting unit of
the spectrometer are counted by 8253 counter for a selectable gating
period and the counts are stored in consecutive memory locations while
scanning. At the end of the scan the collected data is fed to a
digital to analog converter through Intel's 8255 programmable peripheral
interface and the DAC current output is converted to voltage by an
Opamp 741 and fed to an oscilloscope for the display of the spectra.
The software is written to generate stepper pulses, control the
grating movement in forward and reverse directions, count the PMT
pulses and to display the analog signal.

-
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Using the system, CCl^ spectra has been recorded with an integration
time of 1 sec. The observed peak positions are in agreement with the
standard CCl^ spectra.
_REFERENCE_
tO

Rao, P.K.S.P., et al. BARC Report 1209 P-221 (1983)

5.1.2 Automatic Spectral Density Measurements
In continuation of the work reported earlier £l3 on the measurements of optical densities of spectral lines, the following instr'jmentation work has been carried out.
For scanning spectral lines, a stepper motor and a suitable
driving unit were procured. Stepper motor was attached to photographic
plate carriage of a microphotometer. Spectral lines of various elements
for different concentrations were scanned vertically. While scanning
it was observed that most of the spectral line images were not falling
on the slit due to inherent mechanical limitations associated with the
plate racking mechanism of the spectrograph.
For data acquisition, a microprocessor based system is being
assembled. The system consists of a Hilger S Watts microphotometer,
a photo detector assembly and a microcomputer with A/D, D/A and printer
interface modules. The photo detector assembly consisting of PIN
photodiode SGDOHOA and OPAMP NE-536 provides an output signal proportional to the transmittance of the spectral line. This transmittance
data will then be fed to HCL programmable calculator type Micro 2200,
to obtain concentration values of trace elements of interest.
The photo detector output is converted to voltage with current
to voltage converter and fed to A/D board of the microcomputer. The
program written earlier is being modified suitably to find out the
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peak and background values of spectral lines while scanning the photographic plate manually.
REFERENCE
ft] Rao, P.K.S.P., et al. BARC Report 1209, p-223 (1983)
5.1.3

NMR Gaussmeter
A Gaussmeter working on NMR principle is being fabricated

for the measurement of magnetic field strength of an electromagnet
used in the fabrication of a laser magnetic resonance spectrometer
(adopting the circuit developed by TPPED).
The block diagram of the Gaussmeter is shown in Fig. 3.1.

PROTON SAMPLE
C ^ J OSCILLATOR

J

PI
|R.F.AMR|

[PRESCALERJ

CRYSTAL
OSCILLATOR
a COUNTER

Fig.3,1. Block schematic of NMR Gaussmeter

It consists of a r.f. oscillator, sample probe, r.f. amplifier, a.f.
amplifier, prescaler, counter and a crystal oscillator.

- 209 A proton sample (for example rubber)

subjected to crossed

magnetic fields, one being static and the other a weak alternating
field of high frequency,exhibits NMR absorption provided the fields
obey the relationship f= 4.2576 B, where f is the frequency of alternating field in MHz and B is the static field strength in kG.
A radio frequency oscillator with a suitable sample probe,
operating in the range of 1 MHz to 45 MHz suitable for the measurement
of the magnetic field strength in the range 250 G to 10 kG and an
r.f. amplifier have been fabricated and tested.
A frequency counter and a crystal oscillator operating at
4.2576 MHz have also been fabricated and tested. This will p'-wide
the required timebase for dividing the input frequency by 4.2576,
so that the magnetic field strength can be directly displayed in Gauss.
Testing of prescaler and a.f. amplifier is in progress.
5.1.4

Adjustable Waveform Spark Source
A high voltage spark-source with adjustable waveform for

spectrochemical analysis is being fabricated.

It consists of a

capacitor charging circuit, a discharge circuit with a switch element,
inductors, a sparkgap

waveshaping diodes and a trigger generator

to control the spark repetition rate. The block schematic of the
spark source is shown in Fig. 4.1. As shown in the block diagram the
alternating mains power is transformed to high voltage and full wave
rectified to charge the capacitor bank

f

C . This stored energy is

discharged through inductor L^ to form a parent oscillatory waveform.
This waveform is preserved by the switch element consisting of a
thyratron, shunted by the commutating diodes. The unidirectional
or oscillatory waveform in the spark gap is obtained by adjusting
the storage inductor L. connected in series with the analytical
spark gap. The spark repetition rate is controlled by a trigger
generator. Because of its capability to provide accurate control
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Fig.4.1. Block schematic of adjustable waveform spark source

of breakdown voltage, higher repetition rate and maintain unidirectional
current through analytical gap, this source will be capable of providing
better sensitivity, precision and accuracy compared to conventional
spark source.
Mounting of various components like H.V. Transformer, bridge
rectifier, r.f. coils, thyratron filament transformer and capacitor
bank has been completed. Further work of mounting the commutating
and waveshaping diodes as well as the wiring of the circuit is in
progress.

- 211 5.1.5 Accessories for a Wavemeter
a) Photodetectors
Two
fabricated
transistor
fabricated

photodetectors to detect interference fringes have been
and tested using the photo cell PIN-24 IC NE 5534 'and
2N 2369. These are being used with the wavemeter,
in our division.

b) Solenoid driver for air track assembly
A circuit to drive two solenoids using transistors 2N 2369,
optointerruptor MCT 8 and 12 V relay has been fabricated and tested.
This is required to keep the air '• ?aok assembly of the wavemeter in
motion.
S.2

Instruments Maintained and Serviced

a) This group helped (1) the Physical Metallurgy Division
in repairing their graphic plotter Model HP 7221 C used with Electron
Probe Micro Analyser (EPMA) and the vacuum pump control unit of the
UV source (ESCA). (2) the Uranium Extraction Division and University
Departement of Chemical Technology Bombay in solving some of the
problems connected with the functioning of their xenon lamp power
supplies.
b) All the electronic instruments of the Division are serviced
and maintained by service electronics group. The following is the
representative list of the instruments that are serviced during this
period.
i)
ii)
iii)
iv)

Perkin-Elmer IR Spectrophotometer models 18C and 21
SDL source spectrometer, model LS-3
ARL Quantovac model 31000
Laser Raman Spectrometer Spex model
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v)
vi)
vii)
viii)
ix)

X-ray spectrometer Philips model P.^7 1220
Jarrel-Ash recording microphotometer model 23-500
Flash photolysis system
Microwave power generators model microtron 200, thermitron
Power supplies for He-Cd laser, He-Ne laser, Nitrogen
laser and Xenon lamps
x) Various types of amplifiers
xi) Measuring instruments like oscilloscopes and recorders.
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3rd Annual Seminar of Indian Society of Scientific glass
blowers on 'Scientific glass blowing in R 6 D institutions
and Industries, BARC, Bombay (November 1984)

40.

Nuclear properties of short lived isotopes from Laser
Spectroscopic studies (Invited Talk)
S.A. Ahmad
Fifth National Workshop on Atomic and Molecular Physics
TIFR, Bombay (December 1984)

41.

Crossed second order effects in the field shifts involving
4f^6s configuration of rare-earths
S.A. Ahmad, A. Venugopalan, Pushpa M. Rao and G.D. Saksena
Fifth National Workshop on Atomic and Molecular Physics
TIFR, Bombay ( December 1984 )

42.

Intensity distribution in the rotational structure of some
forbidden transitions in diatomic molecules
T.K. Balasubramanian and V.P. Bellary
Fifth National Workshop on Atomic and Molecular Physics
TIFR, Bombay (December 1984)
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Assignment of 4f n 5d6s6p, 4f n 6s 2 6p, 4fi:L5d6s2 and^f 1:l 5d Z 6s
configuration to odd and even energy levels of erbium.
Pushpa M. Rao, A. Venugopalan, S.A. Ahmad and G.D. Saksena
Fifth National Workshop on Atomic and Molecular Physics,
TIFR, Bombay (December 1984)

44.

Constant energy difference sequential two-photon photo
excitation of excited states for their easy identification
S.D. Sharma, G.D. Saksena and A.K. Ray
Fifth National Workshop on Atomic and Molecular Physics,
TIFR, Bombay (December 1984)

45.

Evidence of energy transfer from the fl"0 to D"^. state
of molecular iodine
«*
S.D. Sharma, G.D. Saksena and A.K. Ray
Fifth National Workshop on Atomic and Molecular Physics,
TIFR, Bombay (December 1984)

16.

Observation of "Internal Diffraction" from several single
vibronic E states of molecular iodine
S.D. Sharma, G.D. Saksena and A.K. Ray
Fifth National Workshop on Atomic and Molecular Physics,
TIFR, Bombay (December 1984)

47.

Nuclear spins and moments and changes in mean square charge
radii and deformations in the radium isotopes in the
208 A 232 mass region
S.A. Ahmad, C.E. Kstroon, W. Klempt, R. Neugart and K. Wendt
Int. Conf. on Nucl. Physics, BARC, Bombay (December 1984)

48.

Infrared and Raman spectral studies on interaction of Dapsone
with DPPC
S. Venkateswaran, V.B. Kartha, Usha Deniz and S. Gurnani
Solid State Phys. Symp., BARC, Bombay (December 1984)

7. OTHER ACADEMIC ACTIVITIES
7.1
Name

Members Registered for M.Sc./Ph.D. Degrees

Guide

Title of the research

Degree

Year of
award

Shri L.C. Chandola

Dr. N.A. Narasimham

Elemental characterisation of
some nuclear materials by OES
& XRF Spectrometry

Ph.D.
.
Physics

Shri N.C. Das

Dr. M.V.R.K. Murty

Design and evaluation of optical
systems produced by the holographic techniques

Ph.D.
Applied Physics

Shri N.P.Karanjikar

Dr.S.L.N.G. Krishnamachari

Spectroscopic investigations of
some rare earth crystals

Ph.D.
Physics

Shri K. Harihara Ayyar Dr. N.A. Narasimham

Spectroscopic investigation on
some rare earth complexes

Ph.D.
Physics

Sliri R.V. Subratnanian

Dr. S.L.N.G. Krishnamachari -

Spectroscopic studies on
polyatomic molecules

Ph.D.
Physics

Shri M.D. Saksena

Dr. S.L.N.G. Krishnamachari

High Resolution spectral studies
on some simple molecules

Ph.D.
Physics

Shri A. Venugopalan

Dr. N.A. Narasimham

Isotope shift studies in rare
earth spectra

Ph.D.
Physics

1984

Shri B.J. Shetty

Dr. N.A. Narasimham

Spectral studies of simple
molecules

M.Sc,
Physics

1983

Spectroscopic studies of some
diatomic molecules and lasers.
Studies on N a 2 > N 2 and
N S

Ph.D.
Physics

1984

Shri K.S.Chandrasekhar* Dr. N.A. Narasimham

1983

to

•senior research fellow working for degree in Spectroscopy division, under the scheme of collaboration between Bombay University and BARC.

Name

Smt. S.S. Deshpande

Guide

Title of research
problem

Degree

Year of
award

. Dr. N.A. Narasiroham

Some aspects of matrix effects
in XRF

M.Sc.
Physics

Shri R.P. Shukla

Dr. N.A. Narasimham

Testing of optical systems and
components. Interferometric
methods of testing of optical
systems and components

Ph.D.
Physics

Shri R, D'Souza

Dr. S.L.N.G. Krishna-• Interaction of radiation with
matter
machari

Shri G.V. Zope**

Dr.S.L.N.G.Krishnamachari

Spectroscopic studies on
some simple molecules

Shri V.P. Bellary

Dr.S.L.N.G.Krishnamachari

Spectroscopic investigations
on some mineral crystals

Shri P.K. Wahi

Dr. V.B. Kartha

Infrared spectra of some trifluoromethyl compounds

Ph.D.
Chemistry

Smt. S. Padmanabhan

Dr. N.A. Narasimham

High resolution studies of
simple molecules

Ph.D.
Physics

Shri S.M. Rao***

Dr.S.L.N.G.Krishnamachari

Nuclear techniques in
hydrology

Ph.D.
Physics

Shri S.K. Jain***

Dr.S.L.N.G.Krishnamachari

Nuclear techniques in
hydrology

Ph.D.
Physics

Shri S.V.Godbole****

Dr.S.L.N.G.Krishnamachari

Rare earth spectra

Ph.D.
Physics

Shri Sunder Das Dembla***** Dr. G,D. Saksena

**
***

Birla College of Arts and Science, Kalyan
Isotope Division, B.A.R.C.

**** Radiochemistry Division, B.A.R.C.
***** M.D.R.S.

1985

Ph.D.
Physics
M. Phil
Physics

1984

. Ph.D,
Physics

Design, construction an- test- M»Sc«
ing of an experimental assembly Physics
for generated! of uranium vapour
by electron beam heating

1984
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7,?

Lecturer; DHivored at Seminars, Training School etc.

7.2.1

Lectures foiivered in the Divisional Seminar

S.No. Speaker

Topic

Date

1

Dr. G.Krichnamurty

Synchrotron radiation

27.04.83

2

Dr. L.C.Chandola

Optical impedence spectroscopy

27.07.83

3

Dr. V.A.Job

High resolution infrared
studies of 15 MH 3 and ^ N f ^

01.08.83

4

Dr. A.V.Sankaran

Application of Thermoluminescence to problems
in Geology

21.12.83

5

Shri R.M.Agrawal

X-ray fluorescence

28.12.83

6

Dr. G.L.Bhale

Variation of electronic
transition dipole moment
with r r' centroids in ES-X
system of I_

04.01.84

7

Dr. D.Ramachandra Rao
MIT, USA.

Photon reoycler near
millimetre wave lasers

35.01.84

8

Dr. N.D.Patel

Analytical applications of
optoacoustic spectrosoopy

25.01.84

Dr.(Smt) P.M.R. Rao

Determination of life time
by Beam foil spectroscopy

29.02.84

10

Dr. M.R.Gorbal
Karnataka University,
Dharwad .

TEA nitrogen laser

28.03.84

11

Dr. G.Krishnarnurty

Current status of beam
foil spectroscopy

04.04.84

12

Dr. P.N.Ghosh
Dept. of Physics,
Calcutta University,
Calcutta.

Line shapes in double
resonance experiments

04.06.84
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Topic

S.No. Speaker

Date

13.

Microwave spectra of
Prof. K.V.L.N. Sastri
stellar molecules
Dept. of Physics,
Univerisity of NewBruinswick, Frederiction,
N.B., Canada.

28.06.8if

14.

Dr. T.V.Venkitachalam

Laser induced reactions

01.08.81+

15.

Prof. K.Laqna
Institute for Spectrochemistry S Applied
Spectroscopy, Dormund,
W. Germany.

Plasmas as excitation sources09.11.84
sources in analytical
chemistry

16.

Dr.(Smt) Romola D'Cunha

Trends and developments
in Analytical Atomic
Spectroscopy

10.11.84

Forbidden transitions
in Ammonia

15.11.84

7.2.2 Lectures Delivered at Training School etc,
S .No,

Speaker

Topic

Year

Dr.T.K.Balasubramanian

Quantum Chemistry
and
Molecular structure

1983

Shri R.D'Souza

Quantum Chemistry

1983

Shri Kuldip Singh

Quantum Chemistry
and
Molecular structure

1983

1984

Auspieces
12 lectures
Training School
27th Batch
Chemistry
10 lectures
Training School
27th Batch
Chemistry
20 lectures
Training School
27th Batch
6 lectures
Training School
28th Batch
Chemistry
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S.No.

Training to outside persons

Name and address

Duration

Field of Training

1.

Shri M. Joseph,
R.R.C.
Kalpakkam

08-11-1983
to
15-01-1981*

Recording of Infrared
Spectra, Use of
micro-computers in
spectral data processing

2.

Dr. M.R. Gorbal,
Karnataka University
Dharwad

18-03-19814
to
28-03-1981*

Research on Nitrogen
Lasers

3.

Shri. Yogesh D. Gandhi
Student
S.V.R. College of Ehgg. 6
Technology
Surat
Gujarat

04-12-1984
to
12-12-1984

Training in fundamentals of Qualitative
analysis

EHABHA ATOMIC RESEARCH CENTRE
D r . S . L. N, G. Krishnamachari,
I.
(a)

Emiasion Analytical Spectroscogv
1.
2.
3.
4.
5.
6.
7.
8.
9.
10,
11.

Dr. A.V. Sankaran
Dr. P, Sreeramurty
Shri B.R. Vengsarkar
Shri V,P, Bellary
Shri G.S. Ghodgaonkar
Shri S.S. Biswas
Shri S.M. Marathe
Shri S.V.N. Bhgskara Rao
Srat. V.S. Dixit
Smt. tteana Narayanan
Smt. P.B, P a t i l

30.
31.
32.
33.
34.
33.
36.
37.

Dr. C D . Saktena*
Dr. R.C. Haik
Dr. S.A. Ahmad
Shri H.P. Karanjikar
Shri K. Harihara Ayyar
Shri I.J. Machado
Dr. A. Venugopalan
Sat. Fushpa .H. Rao

*Wotking part time in HDRS

(b)

X-ray F l u o r e s c e n c e and X-ray E x c i t e d
Fluorescence
Spectroscopy
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

(e)

Optical

II.

Dr. G. Lakshminarayana
Dr. Mahavir Singh
Dr. T.V. Venkitachalan
Dr. (Smt.) Shanta B. Kartha
Dr. (Kum.) Sheila Gopal
Shri A. Sethunadhavan
Shri R. Venkatasubrananian
Shri M.D. Saksena
Shri B.J. Shetty
Smt. Ceetha Rajappan

D r . K.V.S.R. Apparao*
S h r i N.C, Das
S h r i R.P. Shukla*
S h r i T.K. Kunchur
S h r i B . S , Deshpande
S h r i S . S , Bhattacharya
S h r i T.C. Bagchi

22.
23.
24.
25.
26.
27.
28.
29.

Dr. V. B. Kartha* (Head)
Dr. V.A. Job*
Smt. R. D'Cunha
Dr. N.D. P a t e l
Shri P.K. Hahi
Shri Kuldip Singh
Smt. Rose Mary F r a n c i s
Smt. S . Venkatesuaran

Section
SG
SF
SE
SE
SE
SD
SC
SAC

SAC

(f)
SG
SF
SF
SE
SE
SE
SD
SD
SD
SB
SAC
SAB

Laser
50.
51.
52.
53.
54.
55.
56.
57.
58.

Spectroscopy

Dr. M.N. D i x i t
Dr. G.L. Bhale
Dr. S.D. Sharma
Shri R. D'Souza
Dr. (Suit.) Kshama Raghuveer
Shri A. Suryaprakasa Rao
Shri M. A. H. Razvi
Shri P.K. Krishnr. ..nni
Shri M.B. Guhagaikar

SF
SE
SE
D
SD
SC
SC
SC
SB

III. SERVICE ELECTRONICS

OPTICS AND MULTILAYER COATINGS
63.
64.
65.
66.
67.
68.
69.

Infrared and Raman SpecCroscopy

SAC

Molecular Electronic Spectroscopy Section

40.
41.
42.
43.
44.
45.
46.
47.
48.
49.

(c)

SF
SE
SE
SE
C
SC
SB
SAC

S h r i R.M. Agrawal
Dr. L.C. Chandola
D r . R.M. D i x i t
S h r i M.J. Kamat
Shri R.J. Kshirsagar
S h r i P . P . Khanna
S h r i S.K. Kapoor
Smt. S . S . Deshpande
S h r i S.K. Malhotra
Smt. Rugmini Raima 1

38. Dr. S.L.N.G. Krishnamachari (Head)
3?. Dr. T.K. Balasubramanian

SG
SE
SE
SE
SE
SD
SD
SC

(g) Bean Foil and Synchrotron Radiation
Spectrotcopy
59. Dr. G. Krishnaraurty
SE
60. Dr. V.A. S a n a
SE
61. Dr. (Snt.) P.M.S. Rao
SE
6 2 . S a t . S. Fadnanabhan
SC

Division

SPECTROCHEMICAL ANALYSIS. DEVELOPMENT AND BASIC RESEARCH

SF
SF
SE
SE
SE
SE
SD
SD
SB
SAB
SAB

(d) Atomic and Crystal Spectra

Head, S p e c t r o s c o p y

SE
SE
SE
SC
T'man (H)
T'man (D)
SAC

70.
71.
72.
73.
74.
75.

Shri
Shri
Shri
Shri
Shri
Shri

P.K.S. Prakasa Rao
S.V.G. RavindranaCh
H.S. Dua
M.S. Patil
H.C. Goyal
S. Anandan

SF
SD
SC
SAC
SAC
SAB

